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Costs and Benefits of Putatively Anti-Grazing Defenses  
in the Marine Dinoflagellate Alexandrium catenella 
  
Gihong Park, Ph.D. 
University of Connecticut, 2018 
 
The typical framework for studies and models of bloom dynamics of toxigenic algae is 
based on environmental determinants (e.g., light, nutrients) of cell growth rate and toxin 
production rate. There is mounting evidence, however, of grazer control of toxin production, 
which then may impact cell growth. This thesis examines the costs and benefits of grazer-
induced toxin production in the toxigenic dinoflagellate Alexandrium catenella.   
Paralytic Shellfish Toxin (PST) production was significantly increased regardless of 
growth phase when cells were contemporaneously exposed directly or indirectly to grazers, 
relative to cells not exposed to grazers. The same effect was observed for cells that had been 
previously exposed to grazers regardless of nutrient regime. In contrast, the pattern for cell 
growth rate was the opposite – cells directly or indirectly exposed to grazers showed lower 
growth rates than unexposed cells, with little effect of growth phase or nutrient regime. The 
results suggest a trade-off between toxin production and growth rate. 
A subsequent experiment confirmed a trade-off using toxin production rate and the 
relative expression of a cell growth gene, which is correlated with cell division rate. A fitness tax 
equivalent to a reduction in cell division rate of 56% was evident when grazers induced cells to 
increase toxin production. This grazer-mediated fitness tax should be incorporated in population 
dynamic models of toxigenic prey.     
 
 
	
	
Gihong Park – University of Connecticut, 2018 
 
Costs and benefits of toxin production were simultaneously tested in laboratory studies 
that measured net cell growth rates of three Alexandrium catenella strains that differed in PST 
production (low, moderate and high PST production, respectively) versus a gradient of grazing 
pressure. Both the moderate toxigenic and the high toxigenic strain showed a fitness benefit 
relative to the low toxigenic strain; however, the highest benefit was derived in the moderate 
toxigenic strain, which also reduced cell size and increased cell division rate in response to 
grazing. This suggests that in addition to toxin production other mechanisms of defense are 
simultaneously expressed, adding complexity to the study of defense mechanisms. 
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Chapter 1 
 
Introduction 
Marine phytoplankton account for 50% of the net global primary production (Falkowski 
1994, Field et al. 1998). Yet marine grazers consume on average three times more primary 
production than terrestrial herbivores (Cyr and Pace 1993). Because of this high grazing pressure, 
phytoplankton have evolved a vast array of defenses (Van Donk 1997, Smetacek 2001). Defense 
traits include escape behavior, armored cell walls, spines, increasing or decreasing cell size, 
colony formation, or toxin production (reviewed by Verity and Smetacek 1996, Smetacek 2001, 
Ianora et al. 2011, Pančić and Kiørboe 2018). Marine dinoflagellates in the genus Alexandrium 
display a multitude of defenses, such as changes in chain length (Selander et al. 2011), 
bioluminescence (Buskey et al. 1983, Valiadi et al. 2012), reactive oxygen species production 
(Flores et al. 2012), and neurotoxin production (Schantz et al. 1975, Shimizu 1993). 
In plants anti-herbivore defenses are commonly expressed in both constitutive (always 
present) and inducible (increased in the presence of herbivory) forms (Zangerl and Rutledge 
1996, Karban and Baldwin 1997). Anti-grazing defenses unicellular plankton are also induced by 
physical or chemical cues from grazers (DeMott and Moxter 1991, Lurling and Van Donk 1996, 
Van Donk 1997, Lurling and Van Donk 2000, DeMott and Tessier 2002, Tang 2003, Lass and 
Spaak 2003, Yoshida et al. 2004, Yang et al. 2006, Long et al. 2007). Inducible defenses have 
evolved as a cost-saving strategy, in which the defense is expressed only upon threat or attack 
(Karban et al. 1997, Karban and Baldwin 1997, Zangerl and Rutledge 1996). Resources can thus 
be diverted from defense to other components of fitness, including survivorship, growth, and 
reproduction (Koricheva 2002, Karban 2011, Brönmark et al. 2012). 
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The Principle of Allocation (PoA: Cody 1966) posits that maximizing all organismal 
functions cannot occur simultaneously (Townsend and Calow 1981, Sagers and Coley 1995, 
Ricklefs and Relyea 2013). Therefore, a trade-off between anti-grazing defense and cell growth 
is, theoretically, manifested as a growth cost or tax (Van Donk et al. 1999). By definition, 
Darwinian fitness is the average production of viable offspring by a group of individuals in a 
population, or by a genotype. The net growth rate (birth rate minus mortality) of a population, for 
example, is a measure of population fitness. In unicellular organisms like phytoplankton, the net 
growth rate is a balance of cell division rate and mortality rate due to grazing and other loss 
terms. Hence, the reduction in cell division rate that arises from an increase in toxin production 
rate is labeled a direct cost, or tax (Van Donk et al. 1999). Here, I call this direct cost a “fitness 
tax”. This usage avoids confusion with so called ecological (indirect) costs, which are relative 
costs of trait expression in a genotype or population (see glossary at the end of this chapter). 
Despite their importance to defense theory, trade-offs and fitness taxes have proved 
difficult to detect empirically (Strauss et al. 2002, Van Donk et al. 2011, Brönmark et al. 2012). 
A motivation for this dissertation is to examine a possible trade-off between toxin production and 
growth rates, and to examine whether there is a fitness tax of toxin production in the 
dinoflagellate Alexandrium catenella. However, if defense persists despite its fitness tax, it must 
also accrue a benefit to the prey. Hence, another motivation for this dissertation is to document 
and measure the fitness benefit of toxin production.   
The typical framework for studies and models of Alexandrium toxicity and bloom 
dynamics uses information on abiotic factors (bottom-up control) to predict cell growth rate and 
cell toxicity (Stock et al. 2005, 2007, He et al. 2008). There is, however, mounting evidence that 
grazing also affects toxin production via inducible defense (Selander et al. 2006, Bergkvist et al. 
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2008, Van Donk et al. 2011, Senft-Batoh et al. 2015a), which may then give rise to a trade-off 
with cell growth and grazer-induced toxin production. Thus, realistic population dynamics of 
toxigenic prey need to consider such fitness tax.  
It is often postulated that trade-offs are evident under resource limitation (Hardison et al. 
2013, Pančić and Kiørboe 2018). Thus, resource availability needs to be considered in studies of 
toxin production. Previous work has shown toxin production of Alexandrium to be nitrogen (N) 
dependent (Selander et al. 2008). However, it has been shown that the cost of (indirectly) grazer-
mediated toxin production (expressed as a reduction in cell growth rate) in A. catenella is higher 
under N-replete than N-depleted conditions (Senft-Batoh 2012). This would suggest that a trade-
off might be evident even if nutrient resources are not limiting. Hence, a portion of this 
dissertation is devoted to examining the combined effect of nutrient regime (variable limitation 
of nitrogen and phosphorous) and grazer-induced defense on toxin production and cell growth 
rate (Chapter 2). Results indicate a stronger effect of grazer exposure on toxin production and 
cell growth rate than nutrient regime. Further, direct induction (cells in direct contact with 
grazers) of toxin production is greater than indirect (cells exposed to grazers, but not in contact 
with them) induction particularly in the exponential growth phase of the prey, when nitrate is 
plentiful. The results also suggest a trade-off between toxin production and growth rate and a 
fitness tax associated with grazer-induced toxin production. 
In order to clearly demonstrate the fitness tax in Alexandrium catenella (strain BF-5), I 
employ a novel approach for measuring fitness costs of defense among Alexandrium strains, 
which are under direct grazing and unlimited-nutrient conditions. Chapter 3 focuses on whether 
the trade-off between grazer-induced toxin production and reduced cell growth is also observed 
in patterns of relative gene expression, assuming that resource allocation is enzyme modulated 
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and must ultimately be gene specific. The use of gene expression as a growth proxy obviates the 
interference of cell losses due to grazing, thus providing means of determining fitness costs and 
benefits of toxin production. Results show that the grazer-induced fitness tax of toxin production 
is a significant fraction of the reduction in net population growth rate, and must therefore be 
considered in population dynamics models of toxigenic A. catenella.  
The optimal defense theory (ODT; McKey 1974) is one of the most commonly tested 
theories in higher plants and focuses on the plant’s need for defenses and on the evolution of 
defense allocation in itself. Even though the theory is not easy to apply to unicellular marine 
algae, which have no capacity for sacrificing tissues as required by the ODT (Ianora et al. 2011), 
the assumption that defenses are beneficial, yet costly is still an important underlying principle. 
To quantify the ecological cost (indirect cost) and benefit of defense against grazing, I used the 
conceptual models from Simms and Rausher (1987) and Simms (1992), which simultaneously 
considers cost and benefit of defense (Chapter 4). Costs and fitness benefits are determined by 
differences in net growth rate among phenotypes of the prey population (here, three strains of A. 
catenella differing in toxin production) that vary in their expression of defense as a function of 
grazer abundance. Results show that the strains with moderate and high toxin production accrue 
fitness benefits compared to the strain with negligible toxin production in the face of a grazing 
pressure. The most toxigenic strain, nonetheless, does not derive the highest fitness benefit. 
Instead, such benefit goes to the moderate toxigenic strain, which apparently derives from an 
increase in cell division rate and a decrease in cell size. Thus, this strain outpaces grazing 
pressure by dividing faster and by reducing contact rate with the grazer. This novel finding 
shows that defense is simultaneously expressed through several traits in A. catenella. 
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Table 1. Definitions of symbols used 
Symbol	 Definition	 Dimensions	 Units	
µ	 Growth (cell division) rate T-1 d-1 
µc Growth rate in the absence of copepod (µgross) T-1 d-1 
µt 
Net growth rate in the copepod treatment 
(µnet) T-1 d-1 𝜇tox	 Specific toxin production rate T-1 d-1 𝑅tox net toxin production rate MT-1 fmol cell-1 d-1 𝑁 Cell concentration L-3 cell-1 ml-1 𝐶𝑚	 Average cell concentration	 L-3	 cell-1 ml-1 𝐶𝑚′ Modified average cell concentration (this study) L-3 cell-1 ml-1 𝑔 Grazing rate T-1 d-1 𝑔′ Modified grazing rate (this study) T-1 d-1 
𝐼 Ingestion rate T-1 or MT-1 cell cop-1d-1 or µgC cop-1d-1 
𝐼′ Modified ingestion rate (this study) T-1 or MT-1 cell cop-1d-1 or µgC cop-1d-1 
G Reduction in fitness associated with grazing T-1 d-1 
C Reduction in fitness associated with defense T-1 d-1 
K 
Extent by grazing (assuming defense is not 
perfectly effective) T-1 d-1 
B Benefit associated with defense T-1 d-1 
 
W 
 
Fitness (growth rate) in different 
environments T-1 d-1 
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Table 2. Glossary of terms 
Term/Abbreviation	 Definition	 Reference	
Darwinian fitness 
 
	
The average number of viable offspring per 
individual produced within a population, or 
by a genotype.  
 
Maynard-Smith 1989, 
Hartl 1981 
 
Fitness tax 
	
 
	
Direct cost, allocation cost, or fitness cost. 
A reduction in Darwinian fitness associated 
with expression of a trait such as toxin 
production. 
 
Van Donk et al. 1999, 
This study 
 
 
Ecological cost 
 
 
 
Indirect cost, a Darwinian fitness reduction 
associated with expression of a genotype 
trait (such as toxin production) relative to 
genotypes that do not express the trait. 
 
Strauss et al. 2002, 
Simms 1992 
 
 
Constitutive 
defense 
 
Form of defense that is always expressed in 
the prey cell. Zangerl and Rutledge 
1996 
Induced defense 
 
Form of defense that is expressed only after 
threat or attack by predators/grazers. Karban and Baldwin 
1997 
Trade-off 
 
 
A balancing of traits of which are not 
equally attainable at the same time; e.g., 
toxin production versus growth rate. Trade-
offs may give rise to a fitness tax. 
Van Donk et al. 1999 
 
 
Benefit 
 
Gain in Darwinian fitness by expression of 
a trait 
Simms and Rausher 
1987, Simms 1992 
ODT Optimal defense theory McKey 1974 
PoA Principle of allocation, resource allocation Cody 1966 
PST Paralytic shellfish toxin Sommer et al. 1937 
STX 
 
Saxitoxin and its analogs Schantz et al. 1975 
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Chapter 2 
 
Interaction of grazer exposure and nutrient regime on toxin production and growth in 
Alexandrium catenella 
ABSTRACT 
Previous studies and models of Alexandrium toxicity and bloom dynamics have used 
information on abiotic factors to predict cell growth rate and cell toxicity. There is, however, 
mounting evidence that biotic effects also impact toxin production via grazer-induced defense. 
The goal of this study is to simultaneously address the roles of grazer exposure, nutrient regime 
(varying limitations of nitrogen and phosphorus) and their interaction on toxin production and 
cell growth of Alexandrium catenella. I carried out two consecutive assays to test for: 1) the 
effect of ‘contemporaneous’ grazer exposure (direct/indirect presence) on PST production and 
the cell growth rate during the early and late exponential, and post stationary growth phases; and 
2) The interaction of ‘previous’ cell exposure to grazers and nutrient regimes on toxin production 
and cell growth. The results demonstrate a significant increase in cell toxin content (CTC) for 
contemporaneously grazer-exposed cells under all growth phases (direct exposure > indirect 
exposure > no exposure), but the reverse pattern for cell growth rate (CGR) (direct exposure < 
indirect exposure = no exposure). The increase in directly grazing-induced CTC depends on the 
cell growth phase: 300% in the early exponential, 196% in the late exponential, and 120% in the 
post stationary phase, suggesting plasticity of inducible toxin production during a bloom. The 
latter assay also shows significant effects of both grazer and nutrient on CTC and CGR. However, 
a significant interaction term between the two variables for CTC indicates that previous grazer 
exposure modifies the response of toxin production to nutrient regime. The effect of the nutrient 
regime on CTC and CGR is most evident in the early and late exponential growth phases, with 
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CTC increasing from N-limitation to P-limitation, but dependent on treatment (direct exposure > 
indirect exposure > no exposure). In contrast, cells previously directly exposed to grazers 
showed the lowest CGR, which is consistent with a reverse pattern of CTC that persists for 
generations after the grazers are removed. Finally, there is a significant positive correlation 
between induced toxin production and estimated fitness cost. Altogether the results suggest a 
strong controlling effect of grazer-induced toxin production and cell growth regardless of the 
nutrient regime, and this effect is greater than that of nutrients.   
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1. INTRODUCTION 
Many dinoflagellates of the genus Alexandrium produce a suite of potent neurotoxic 
alkaloids, saxitoxin and its derivatives (STX), known as the paralytic shellfish toxins (PST; 
Sommer et al. 1937, Schantz et al. 1957). Alexandrium catenella has also associated a wide 
range of constitutive and inducible toxin production, but most work has focused on the former.  
Physical factors such as temperature (Anderson et al. 1990, Ogata et al. 1987, Granéli et 
al. 1998, Etheridge and Roesler 2005, Granéli and Flynn 2006, Navarro et al. 2006, Flores-Moya 
et al. 2012), irradiance (Ogata et al. 1987, Etheridge and Roesler 2005, Lim et al. 2006, Selander 
et al. 2008), salinity (Parkhill and Cembella 1999, Grzebyk et al. 2003, Etheridge and Roesler 
2005, Lim et al. 2011), and pH/CO2 (Flores-Moya et al. 2012, Hattenrath-Lehmann et al. 2015) 
have revealed indisputable effects on both toxin production and cell growth in the genus 
Alexandrium. 
Nutrients such as nitrate (N) and phosphate (P), and their ratio (N:P) can also affect cell 
growth rate and toxin production of Alexandrium (Boyer et al. 1987, Granéli and Flynn 2006). 
Cell toxin content is higher under N-replete compared to N-depleted conditions, presumably 
because STX and its analogues are N-rich molecules; moreover, Alexandrium species are 
characterized by high internal levels of glutamine and arginine (N-rich amino acids) as 
precursors of STX (Anderson et al. 1990). In contrast, P-limitation has been shown to increase 
toxin levels of A. tamarense and A. minutum in comparison to either nitrogen-replete or nitrogen-
poor conditions (Boyer et al. 1987, Guisande et al. 2002). In laboratory experiments with A. 
minutum, cell growth rate decreased when the N:P ratio in the medium deviated (either upward 
or downward) from the Redfield ratio (N:P =16), and cell toxin content increased either with 
Nitrogen or Phosphorous limitation (Béchemin et al. 1999). Similar increases of cell toxin under 
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high N:P ratios have been observed in A. tamarense (Boyer et al. 1987, Anderson et al. 1990, 
Lim et al. 2010) and in A. minutum (Granéli and Flynn 2006).   
Cell toxin content and production, however, are not entirely determined by abiotic 
factors. Induction of toxin production by grazing-related cues has been gaining recognition, 
which was first reported in cyanobacteria (Jang et al. 2003), and later in A. minutum (Selander et 
al. 2006, 2008, Bergkvist et al. 2008, Van Donk et al. 2011) and A. fundyense (Senft Batoh et al. 
2015a with strain BF-5, the same one named A. catenella in this study). Because STX is a 
neurotoxin that impedes nerve transmission signals, grazer-induced toxin production is 
interpreted as an anti-grazing defense (Cembella 2003). Indeed, grazing-related processes such 
as nutrient recycling, egg and fecal production cannot account for the observed dramatic 
increases in toxin production in the presence of grazers (Senft-Batoh et al. 2015a). Likewise, 
feeding selectivity for cells of low toxin content is also ruled out as the cause of the observed 
increases in cell toxin content (Senft-Batoh et al. 2015a). 
Grazer-induced toxin production may also affect the cell growth rate if there is a trade-off 
with toxin production. That is, an increase in grazer-induced toxin production could come at the 
expense of cell division rate, as long as the benefit of producing toxin is greater than its cost. In 
indirect induction assays (cells were exposed to grazer clues, but were physically separated from 
the grazers), Selander et al. (2006) did not observe a decrease in cell growth rate of the induced 
cells relative to the control (no grazer exposure) cells in A. minutum. Thus, they concluded that 
there was no cost to toxin production. Later, Selander et al. (2008) observed increased cell toxin 
content when nitrate was replete, but not when nitrate was limiting, suggesting that induced toxin 
production is resource-limited. By contrast, Senft-Batoh (2012), using similar indirect assays as 
Selander et al. (2006), observed a significantly larger reduction in cell growth rate of A. catenella 
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(strain BF-5), relative to control, when induced cells were under nutrient limitation (filtered 
seawater medium) than under nutrient-replete conditions (F/2 medium). These disparate results 
between studies suggest that the role of resources on grazer-mediated toxin production and cell 
growth requires further examination.  
The typical framework for studies and models of Alexandrium toxicity and bloom 
dynamics uses information on abiotic factors (bottom-up control) to predict cell growth rate and 
cell toxicity, but ignores any grazer-mediated influence on these parameters (e.g., Stock et al. 
2005; 2007, He et al. 2008). In toxigenic algae, however, little work has examined the interaction 
of resources and grazers on the control of inducible toxin production. 
The main objective of this study is to determine the controls of induced toxin production 
and cell growth of Alexandrium catenella in a cross-system of grazer and nutrient regime, which 
may depend on the growth phase. I carried out two consecutive assays, designed to assess the 
effects of; 1) grazer exposure (direct/indirect presence or absence) on PST production and cell 
growth during different cell growth phases; and 2) the nutrient regime (varying N, P, and N:P 
ratio) on PST production and cell growth rate on cells that had been previously induced to 
produce toxin by grazers; thus, whatever changes in cell growth or cell toxin content were 
observed were linked to what I refer to as the ghost of grazers past (Peckarsky and Penton 1988, 
Neill 1990). With the assays, I address the following hypotheses: 1) grazer-induced PST 
production varies with cell growth phases, suggesting plasticity of inducible toxin production; 2) 
Grazer-induced toxin production occurs regardless of nutrient regime; 3) There is a trade-off 
between toxin production and cell growth; and 4) The cost of grazer-induced toxin production is 
higher in direct than indirect grazer exposure. Outcomes from tests of these hypotheses can 
provide insights into the constraints on anti-grazing defense of toxigenic prey. 
 
	 	
	
	
12 
 
2. MATERIALS AND METHODS 
2.1. Sample collection and culture 
 The toxic dinoflagellate, Alexandrium catenella (formerly known as A. fundyense, toxic 
strain BF-5, isolated from Bay of Fundy, Canada) was grown in F/2 medium without silicate 
(Guillard 1975) using 0.2 µm-filtered seawater from Long Island Sound. Seed cultures were kept 
in the exponential growth phase in an environmental chamber at 18°C, illuminated with 
fluorescent lighting (100 µM m-2 s-1, photosynthetically available radiation), and a 12 hr:12 hr 
light:dark photoperiod. 
A population of the calanoid copepod Acartia hudsonica was collected from Casco Bay, 
Maine, U.S.A. (43°39′N, 74°47′W), a location in which Alexandrium catenella blooms are 
common. Triplicate copepod cultures were maintained for several generations prior to the assays 
in the lab with a mixed diet of Thalassiosira weissflogii, Tetraselmis sp. and Rhodomonas sp. 
under the same conditions as the Alexandrium culture, except that diatom T. weissflogii was 
grown in F/2 medium containing silica. Further details of copepod culturing are given in Senft-
Batoh et al. (2015a). Prior to assays, copepods were acclimatized to experimental conditions for 
24 hr, but starved during that period to ensure complete gut evacuation (Dam and Peterson 1988). 
 
2.2. Grazer-induced toxin production as a function of growth phase  
 The purpose of this assay was to examine how grazer-mediated control of toxin 
production and cell net growth rate varies by cell growth phase. Cell toxin content and growth 
rate were measured during the early exponential (EE), late exponential (LE) and post stationary 
(PS) phases of a simulated bloom. To minimize confounding effects of uncontrolled grazer 
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history, experiments with the cultures in different growth phases were run simultaneously. 
Experimental cultures were set up from the seed cultures described in the previous section. At 
the time of the experiment the cultures used were 12 (EE), 28 (LE), and 49 (PS) days post 
inception (Fig. 1).     
Experiments were done in 1 L polycarbonate beakers with nested cages with bottoms 
consisting of 10 µm mesh that allowed separation of copepods from dinoflagellates (Senft-Batoh 
et al. 2015a; 2015b). For incubations, 500 ml of an Alexandrium catenella suspension harvested 
from the batch culture was placed inside the 1 L containers. Experimental cell concentration was 
kept at 300 ml-1. The portion within the cage (above the mesh) was filled with 18 adult female A. 
hudsonica. Cells in this compartment experienced direct toxin induction, whereas cells below the 
mesh experienced indirect induction. The same containers with no grazers were the controls (Fig. 
1). The cell-to-grazer ratio in the incubations (16,667: 1) exceeded by orders of magnitude what 
may be observed in the field, thus ruling out possible artifacts from a grazer-biased ratio in the 
containers. During the 96 hr incubation period, cages were gently lifted two-thirds of the 
immersed volume, five times each day to ensure exchange of cues between compartments. 
To maintain the original nutrient conditions for each of the cultures during the 
experiment, the culture suspensions were first filtered through a 0.22 µm membrane, and the 
filtered suspension used as the media for the incubations. All experiments were done in triplicate 
for both treatment and control, and carried out under the same conditions in which A. catenella 
was grown prior to experiments. At the end of the incubation, animals were gently removed by 
wet-sieving onto a 200 µm mesh. Two separate aliquots from each treatment were collected, one 
for toxin analysis and another for cell count. For toxin analysis, the filter was carefully washed 
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off with 1 ml of 0.1 M acetic acid and kept at -80 °C, and for cell count an aliquot of 10 ml was 
preserved in 0.5% acid Lugol’s solution made with filtered seawater.  
 
2.3. Interaction of previous grazer exposure and nutrient regime 
This assay was designed to examine the interaction of previous exposure to grazer cues 
and the nutrient regime on cell toxin content and cell net growth rate. Upon termination of the 
previous assay cells from the two treatments (direct and indirect grazer exposure) and the 
controls (cells not exposed to grazers) in each of the cell growth phases (EE, LE, and PS) were 
carefully washed onto a 10 µm mesh (6 times) and re-inoculated (Fig. 1) into 6 different media 
(labeled M1 through M6), in which [NO3-] was 3, 3, 55, 110, 440, and 440 µML-1 while [PO43-] 
was 28, 1, 3, 7, 28, and 1 µML-1, respectively (Table 1). These nutrient combinations resulted in 
N:P ratios of 0.1, 3, 16, 16, 16, and 440. Thus, the M1 medium was N-limited, M2 was N and P-
limited, M3-M5 were N and P-replete, and M6 was N-replete, but P-limited. Experiments were 
done on in 50 ml, sterilized screw-top polycarbonate culture tubes incubated under the same 
temperature and light conditions as in the previous assay. Five replicates were done for each 
treatment and control. Over a period of 15 days, 1 mL subsamples were taken from each tube 
every 3 days, and preserved in 0.5% acid Lugol’s solution for cell count. Duplicate samples for 
cell toxin content were taken for all treatments and controls at the end of the experiment. 
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Figure 1. Experimental design for the study. A: Growth curve of Alexandrium catenella (strain 
BF-5) in batch culture. Arrows indicate when cells were collected (day 12: Early Exponential 
phase, day 28: Late Exponential phase, and day 49: Post Stationary phase) for the grazer-induced 
toxin assay. B-C: Schematic of experimental design of two consecutive assays. Panel B refers to 
the first assay for induced toxin production. Panel C refers to the second assay for the interaction 
of previous grazer exposure and nutrient regime on inducible toxin production. 
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Table 1. Nutrient concentrations (nitrate and phosphate) and ratios in the assay 
 
  
Medium M1 M2 M3 M4 M5 M6
Nitrate	(µml-1 ) 3 3 55 110 440 440
Phosphate	(µml-1 ) 27.5 1 3.4 6.875 27.5 1
N:P 0.1 3 16 16 16 440
L:	limited,	R:	replete NLPR NLPL NRPR NRPR NRPR NRPL
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2.4. Toxin analysis  
Samples of Alexandrium catenella that had been preserved in 0.1 M acetic acid were 
thawed at room temperature and homogenized on a Fastprep-24 Tissue and Cell Homogenizer 
(MP Biomedicals, Solon, OH, USA) using Lysing Matrix C silica beads (~1 mm in diameter) at 
a speed of 6 m/s for three 40 second cycles. Complete disruption of the cells was confirmed by 
microscopic examination. The cells were centrifuged again and the supernatant was filtered 
through 0.45 mm ultra-filtration centrifuge cartridges (Millipore, Billerica, MA). 
PST concentrations were determined by reverse-phase ion-pairing high performance 
liquid chromatography (HPLC) using the post-column oxidative fluorescence method described 
by Oshima et al. (1989; 1995). Samples were separated on an Alltech C8 column (150 mm x 4.6 
mm) packed with 5 µm particles. The following mobile phases, delivered at a flow rate of 0.8 ml 
min-1, were used for separation of the different toxin groups: 1) 2 mM 1-heptanesulfonate in 10 
mM ammonium phosphate buffer (pH 7.1) for gonyautoxins 1, 2, 3 and 4 (GTX1-4); and 2) 2 
mM 1-heptanesulfonate in 30 mM ammonium phosphate buffer (pH 7.1): acetonitrile for 
saxitoxin (STX), neosaxitoxin (NEO), C1, and C2. The post-column derivatization system 
consisted of a peristaltic pump to deliver oxidant (7 mM periodic acid in 10 mM potassium 
phosphate buffer (pH 9.0) and acid (500 mM acetic acid) at 0.4 ml min-1 to the eluate. Post-
column reagents were sparged continuously with helium. Fluorescent PST derivatives were 
detected using an online Waters 474 fluorescence detector (excitation: 330 nm and emission: 390 
nm). Certified toxin standards from the National Research Council of Canada (Halifax) were 
used. The toxin concentration was calculated from HPLC chromatograms using software that 
recorded the chromatograms and integrated peak areas (Empower, Waters), and expressed as 
femto mole unit per cell (fmol cell-1). 
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2.5. Cell growth rate 
Preserved Alexandrium catenella cells in Lugol’s solution were counted on an inverted 
microscope (Olympus IX70 Model). The cell growth rate (µ) was calculated, assuming 
exponential growth, as: 𝜇 = *+,-.*+,/01  (Eq. 2.1) 
In this equation N0 and Nt are, respectively, the cell concentration at the beginning and conclusion 
of each exposure time, with Δt being the elapsed time in days. Assuming that cell mortality is 
negligible, µ represents cell division rates in the control and indirect induction treatments. 
However, because of grazing mortality µ represents net growth rate in the direct induction 
treatment.  
The toxin production rate (𝜇tox: fmol d-1) and net toxin production rate (Rtox: fmol cell-1 d-1) 
were determined as mentioned by Anderson et al. (1990) following equations: 𝜇134 = *+5-.*+ 5/1-.1/  (Eq. 2.2), 𝑅134 = 𝜇 5-.5/,-.,/ (Eq. 2.3) 
To yield the total toxin concentration T in culture (fmol ml-1), each toxin content (fmol cell-1) at 
the beginning (t0) and conclusion of each exposure time (tt) was multiplied by cell concentration 
(N0 and Nt). µ is the cell growth rate or net growth rate (Eq. 2.1). 
 
2.6. Statistical analysis 
Due to the failure of normality test (p<0.05) on toxin content data, a nonparametric 
Kruskal-Wallis one-way ANOVA on ranks was used and all pairwise comparisons among 
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treatments were assessed with the Student-Newman-Keuls (SNK) post-hoc procedure. For the 
first assay, two-way analysis of variance (two-way ANOVA) was used to test for the effect of   
cell growth phase (EE: early exponential phase; LE: late exponential phase; and PS: post 
stationary phase) and grazer-clues (direct induction, indirect induction, and no induction) on cell 
toxin concentration and cell growth rate. For the second assay, two-way ANOVA was also used 
to test for the effect of previous cell exposure to grazer clues (direct, indirect, and no exposure) 
and nutrient regime (M1 to M6 media)  in each growth phase (EE, LE, and PS, respectively). All 
statistical analyses were performed using SigmaPlot version 11.0 and SPSS version 23 software. 
 
3. RESULTS 
Grazer-induced toxin production and growth as a function of cell growth phase  
Toxin content and growth rate were measured two times during exponential phase (EE: 
day 12 and LE: day 28) and once during the post stationary (decline) phase (PS: day 49).. In the 
batch culture, cell toxin content (CTC) increased with the age of the culture, peaking in the post 
stationary phase, while the pattern for cell growth rate (CGR) was the opposite (EE: 38 fmol cell-
1 and 0.12 d-1, LE: 40 fmol cell-1 and 0.11 d-1, PS: 49 fmol cell-1 and 0.06 d-1). 
To test for grazer-induced toxin production, cells in each of the growth phases were then 
incubated in direct contact with grazers (direct induction), in the presence, but separated from 
grazers (indirect induction) or the absence of grazers (control) using the filtered medium from 
the batch culture at each phase. Some general features were found in all three phases: 1) CTC 
was always greatest in the direct induction treatment regardless of growth phase (direct induction 
> indirect induction > control) (Fig. 2A); 2) The degree of grazer-induced toxin production 
(change in CTC in the grazer treatment relative to the control) decreased from exponential to the 
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stationary cell growth phase: (direct induction, EE: 106 fmol cell-1 > LE: 55 fmol cell-1 > PS: 32 
fmol cell-1; indirect induction, EE: 18 fmol cell-1 = LE: 19 fmol cell-1 > PS: 12 fmol cell-1); and 3) 
The pattern for cell growth rate was the reverse of CTC (direct induction < indirect induction = 
control). Patterns for each phase are further described below. 
EE: Early Exponential phase. Toxin content of cells both directly and indirectly exposed 
to copepods increased, respectively, by 400% and 51% (direct: 141±4 fmol cell-1, indirect: 53±4 
fmol cell-1) compared to control cells (35±3 fmol cell-1) (Fig. 2A; ANOVA, F2,3=438, p<0.001). 
In contrast, the cell growth rate in the direct induction treatment dramatically decreased to zero (-
100%) (Fig. 2B; ANOVA, F2,9=7.99, p=0.010). There was, however, no difference in growth 
rate between the indirect treatment and the control (Fig. 2B; ANOVA, Post-hoc SNK, p=0.641). 
LE: Late Exponential phase. Similar to the pattern of EE, grazers caused an increase in 
toxin content of 196% and 68% (direct: 83±6 fmol cell-1, indirect: 47±4 fmol cell-1) compared to 
control cells (28±4 fmol cell-1) (Fig. 2A; ANOVA, F2,3=71.5, p=0.003). The cell growth rate in 
the direct induction treatment decreased relative to the control, but there was no significant 
difference in the growth rate between the indirect treatment and the control (Fig. 2B; ANOVA, 
F2,9=2.67, p=0.123). 
PS: Post Stationary phase. Toxin content of cells exposed directly and indirectly to 
grazers averaged, respectively, 59±8 fmol cell-1 and 39±3 fmol cell-1; the equivalent of an 
increase of 120% and 44% relative to the average of 27±4 fmol cell-1 in the control (Fig. 2A; 
ANOVA, F2,3=16.0, p=0.025). However, in contrast to the early exponential phase, there was no 
significant difference between cell growth rate in the treatments and the control (Fig. 2B; 
ANOVA, F2,9=0.083, p=0.921).  
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 A two-way ANOVA revealed significant effects on CTC and cell growth rate by the age 
(phase) of the culture (Table 2; two-way ANOVA, F2,9=82.2, p<0.001 and F2,27=3.97, p=0.031) 
and grazer presence (F2,9=291, p<0.001 and F2,27=7.12, p=0.003). The interaction effect (growth 
phase × grazer presence) was significant on CTC (F4,9=39.2, p<0.001), but not on cell growth 
rate (F4,27=1.34, p=0.282).   
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Figure 2. Cell toxin content (A) and growth rate (B) versus cell growth phase during the grazer-
induced toxin assay. Lines represent the treatments (direct and indirect exposure to grazers) and 
control (no exposure to grazers). Letters with bars represent significant differences among mean 
(Post-hoc SNK). Error bars represent ± 1 standard deviation of the mean. 
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Table 2. Summary of two-way ANOVA for dependent variables: cell toxin content (fmol cell-1) 
and cell growth rate (d-1). Factors in the ANOVA are the absence or presence (direct/indirect) of 
grazer Acartia hudsonica, growth phase (early exponential, late exponential, and post stationary 
phase), and their interaction. SS(III), type III sum of squares; df, degrees of freedom; MS, mean 
sum of squares for ANOVA; F, statistic for ANOVA test; p, significance of the ANOVA test. 
Toxin	content	(n=18)	
Source	 SS(III)	 df	 MS	 F	 p	
Growth	Phase	 3792	 2	 1896	 82	 0.001	
Grazing	 13419	 2	 6710	 291	 0.001	
GP	×	G	 3617	 4	 904	 39	 0.001	
Error	 207.5	 9	 23	
	 	Total	 78949	 18	
	 	  Growth	rate	(n=36)	
Source	 SS(III)	 df	 MS	 F	 p	
Growth	Phase	 0.03	 2	 0.01	 3.97	 0.031	
Grazing	 0.05	 2	 0.03	 7.12	 0.003	
GP	×	G	 0.02	 4	 0.01	 1.34	 0.282	
Error	 0.09	 27	 0.00	
	 	Total	 0.31	 36	
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Interaction of previous grazer exposure and nutrient regime  
This assay was done immediately after the first one was terminated. Prior to starting the 
assay, Alexandrium catenella cells from the two grazer treatments and the control were 
repeatedly rinsed, with the aim of removing grazer and grazing-related cues in the treatments. 
Then, washed cells were re-inoculated into different nutrient media (Table 1; M1 to M6) and 
monitored for the next 15 days. The main points from this assay are: 1) Grazer-exposed cells 
showed significantly higher CTC regardless of growth phase (direct exposure > indirect exposure 
> no grazer exposure), whereas the effect on cell growth showed the reverse pattern (direct 
exposure  < indirect exposure = no grazer-exposure), indicating a possible trade-off between 
toxin production and cell growth; 2) Significantly higher CTC was observed in early and late 
exponential phases in N-replete media; however, the effect of elevated N:P ratios on CTC was 
only significant in the absence of grazer cues; 3) There was a fitness tax due to induced toxin 
production (change in growth rate (∆𝜇) between treatment and control); and 4) Although the cost 
of PST production was constrained by both previous grazer exposure and resources, the effect of 
the former was more pronounced.  
EE: Early Exponential phase. There was a significant effect on CTC of previous grazer 
exposure (direct exposure> indirect exposure > no grazer exposure: two-way ANOVA, F2,18=318, 
p<0.001) and nutrient media (M1=M2≤M3≤M4=M5=M6: F5,18=8.03, p<0.001), but not on their 
interaction (F10,18=1.74, p=0.148) (Fig 3A and Table 3). Nutrient media had a significant effect 
on CTC in the direct exposure treatment and the control (Fig. 3A; ANOVA, p<0.05, Post-hoc 
SNK). Post-hoc comparisons of means revealed significant effects of nitrate in the direct 
exposure treatment and the control (3=55<110=440 µML-1, p=0.025 and 3≤110≤55<440 µML-1, 
p=0.021, respectively), and N:P ratios in the control (0=3=16<440, p=0.023), but no effect of 
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phosphate. The patterns for cell growth were different. There was a significant effect of previous 
grazer exposure (direct exposure < indirect exposure = no grazer exposure: two-way ANOVA, 
F2,72=48.2, p<0.001) and interaction of previous grazer exposure and nutrient regime (F10,72=48.2, 
p=0.042) Fig. 3B and Table 3). There were, in addition, significant effects on cell growth rate 
among media in the indirect exposure treatments and the control (Fig. 3B; ANOVA, p<0.05, 
Post-hoc SNK).  
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Figure 3. Effect of previous grazer experience and nutrient media on cell toxin content (A) and 
cell growth (B) during early exponential phase (EE). Letters with bars represent significant 
differences among mean (Post-hoc SNK). Error bars represent ± 1 standard deviation of the 
mean. 
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Table 3. Summary of two-way ANOVA for dependent variables: Cell toxin content (fmol cell-1) 
and cell growth rate (d-1) during late exponential phase (EE). Factors in the ANOVA are 
previous absence or presence (direct/indirect) of grazer Acartia hudsonica, growth media (M1-
M6), and their interaction. SS(III), type III sum of squares; df, degrees of freedom; MS, mean 
sum of squares for ANOVA; F, statistic for ANOVA test; p, significance of the ANOVA test. 
Toxin	content		
Source	 SS(III)	 df	 MS	 F	 p	
Grazing	 3.57	 2	 1.78	 318	 0.001	
Media	 0.23	 5	 0.05	 8.03	 0.001	
G	×	M	 0.10	 10	 0.01	 1.74	 0.148	
Error	 0.10	 18	 0.01	
	 	Total	 12.1	 36	
	 	  Growth	rate		
Source	 SS(III)	 df	 MS	 F	 p	
Grazing	 0.10	 2	 0.05	 48.2	 0.001	
Media	 0.01	 5	 0.00	 1.28	 0.280	
G	×	M	 0.02	 10	 0.00	 2.03	 0.042	
Error	 0.07	 72	 0.00	
	 	Total	 0.37	 90	
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LE: Late Exponential phase. Similar to results of the early exponential phase, there were 
significant effects of previous grazer exposure on CTC (Fig. 4A and Table 4; direct exposure > 
indirect exposure > no grazer-exposed: two-way ANOVA, F2,18=182, p<0.001), as well as media 
(M2=M1≤M4≤M3=M5=M6: F5,18=21.4, p<0.001), and the interaction term (F5,18=3.07, 
p=0.018). CTC significantly differed in all grazer exposures (Fig. 4A; ANOVA, p<0.05, Post-
hoc SNK). Additionally, post-hoc comparisons revealed a significant effect of nitrate in the 
direct (3<55=110=440 µML-1, p=0.030) and the indirect grazer exposure treatments 
(3≤110≤55=440 µML-1, p=0.028), and the control (3=110<55=440 µML-1, p=0.032). There was 
no effect of phosphate, but an effect of N:P ratios was found in the indirect treatment 
(3<0=16<440 N to P ratio, p=0.032). Similarly, to the EE case, the significant effect of previous 
grazer exposure on growth rate was pronounced for LE (Table 4; direct exposure < indirect 
exposure = no grazer exposure: two-way ANOVA, F2,72=27.5, p<0.001). There was no 
significant effect of media on growth rates for either the treatments or the interaction term (Fig. 
4B and Table 4).  
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Figure 4. Effect of previous grazer experience and nutrient media on cell toxin content (A) and 
cell growth rate (B) during late exponential growth phase (LE). (Letters with bars represent 
significant differences among mean values of media (Post-hoc SNK). Error bars represent ± 1 
standard deviation of the mean. 
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Table 4. Summary of two-way ANOVA for dependent variables: Cell toxin content (fmol cell-1) 
and cell growth rate (d-1) during late exponential phase (LE). Factors in the ANOVA are 
previous absence or presence (direct/indirect) of grazer Acartia hudsonica, media (M1-M6) and 
the interaction of previous grazer exposure and and nutrient media. SS(III), type III sum of 
squares; df, degrees of freedom; MS, mean sum of squares for ANOVA; F, statistic for ANOVA 
test; p, significance of the ANOVA test. 
 
Toxin	content		
Source	 SS(III)	 df	 MS	 F	 p	
Grazing	 1.11	 2	 0.56	 182	 0.001	
Media	 0.33	 5	 0.07	 21.4	 0.001	
G	×	M	 0.09	 10	 0.01	 3.07	 0.018	
Error	 0.06	 18	 0.00	
	 	Total	 18.6	 36	
	 	  Growth	rate		
Source	 SS(III)	 df	 MS	 F	 p	
Grazing	 0.09	 2	 0.05	 27.5	 0.001	
Media	 0.01	 5	 0.00	 0.57	 0.726	
G	×	M	 0.01	 10	 0.00	 0.68	 0.740	
Error	 0.12	 72	 0.00	
	 	Total	 0.42	 90	
	 	 	 
  
 
	 	
	
	
31 
PS: Post Stationary phase. Although there were wide fluctuations in CTC, there were 
significant effects of previous grazer exposure in the post stationary phase (Fig. 5A and Table 5; 
direct exposure > indirect exposure > no grazer exposed: two-way ANOVA, F2,18=28.3, 
p<0.001), and the interaction of previous grazer exposure and nutrient media (F10,18=7.51, 
p<0.001) on CTC. However, CTC significantly differed with media only in the indirect treatment 
(Fig. 5A; ANOVA, p=0.05, Post-hoc SNK). Previous grazer exposure had a significant effect on 
cell growth (Fig. 5B and Table 5; direct exposure = indirect exposure < no grazer exposure: two-
way ANOVA, F2,69=9.26, p<0.001), but there was no effect of either nutrient media, or the 
interaction term interaction (F5,69=0.74, p=0.594 and F10,69=0.75, p=0.673, respectively). 
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Figure 5. Effect of previous grazer exposure and nutrient media on cell toxin content (A) and cell 
growth rate (B) during post stationary growth phase (PS). Letters with bars represent significant 
differences among mean values of media (p<0.05; ANOVA, Post-hoc SNK). Error bars represent 
± 1 standard deviation of the mean. 
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Table 5. Summary of two-way ANOVA for dependent variables: Cell toxin content (fmol cell-1) 
and cell growth rate (d-1) during late exponential phase (PS). Factors in the ANOVA are previous 
absence or presence (direct/indirect) of grazer Acartia hudsonica, nutrient media (M1-M6), and 
the interaction of previous grazer exposure and nutrient media SS(III), type III sum of squares; df, 
degrees of freedom; MS, mean sum of squares for ANOVA; F, statistic for ANOVA test; p, 
significance of the ANOVA test. 
Toxin	content		
Source	 SS(III)	 df	 MS	 F	 p	
Grazing	 0.48	 2	 0.24	 28.3	 0.001	
Media	 0.07	 5	 0.01	 1.56	 0.222	
G	×	M	 0.63	 10	 0.06	 7.51	 0.001	
Error	 0.15	 18	 0.01	
	 	Total	 5.77	 36	
	 	  Growth	rate		
Source	 SS(III)	 df	 MS	 F	 p	
Grazing	 0.03	 2	 0.01	 9.26	 0.001	
Media	 0.03	 5	 0.00	 0.74	 0.594	
G	×	M	 0.01	 10	 0.00	 0.75	 0.673	
Error	 0.01	 69	 0.00	
	 	Total	 0.10	 87	
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Trade-off and fitness tax 
The patterns of cell growth rate and cell toxin content versus the independent variables    
were generally opposite, implying a trade-off between toxin production and growth. To test for 
this trade-off, I correlated toxin production rate versus cell growth rate. Toxin production rate 
was calculated from the difference in CTC between treatments and control for the duration of the 
experiment. There were no significant negative correlations between these two traits in either the 
first (Fig. 6A; r=-0.47, p=0.202, n=9) or second assay (Fig. 6B; r=0.18, p=0.193, n=54), when all 
growth phases were considered together. However, in the first assay a strong negative 
relationship between the two traits was evident during the exponential phase experiments (EE 
plus LE; r=-0.927, p=0.008, n=6) and early exponential phase only (EE; r=-0.997, p=0.046, n=3). 
In the second assay, a trade-off was evident in the previous direct exposure treatments from the 
late exponential phase (r=-0.93, p=0.008, n=6). 
The trade-off between toxin production and growth rate can also be explored by 
considering the fitness tax. The fitness tax is calculated by (direct cost: ∆𝜇 = 𝜇control – 𝜇treatment), 
the decrease in cell growth rate from grazer-induced toxin production. For this analysis, the 
variables were transformed by Z-score (standardization). In both assays, fitness taxes were 
apparent, whether cells had been contemporaneously exposed to grazers (Fig. 7A) or exposed 
previously (Fig. 7B), and positively correlated to grazer-induced toxin production. Thus, higher 
grazer-induced toxin production is linked to a higher fitness tax. The regression slopes are the 
same for both assays (Fig. 7; (ANOVA, F1,4=22.9, p=0.009, y=0.007+0.001x, n=6 and ANOVA, 
F1,34=14.5, p=0.001, y=0.008+0.001x, n=36, respectively), suggesting a grazer legacy effect even 
after the grazers are removed. Because the second assay obviates cell loss due to grazing, this 
assay provides more insight into the fitness tax of toxin production. There was a significant 
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difference between toxin production and fitness tax among the direct and indirect treatment. (Fig. 
7B; T-test for toxin production, p=0.001 and T-test for fitness tax, p<0.001).   
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Figure 6. Toxin production rate versus cell growth rate in the first (A) and second (B) assays. 
The correlation between the two traits was not significant in either case. 
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Figure 7. Relationship between grazer-induced toxin production and fitness tax in the first (A) 
and second assay (B). Red lines present regressions.  
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4. DISCUSSION 
The main goal of this study was to examine the combined influence of top-down (the 
presence of grazers or previous exposure to grazers) and bottom-up (nutrient regime) on the 
control of induced toxin production and cell growth in the toxigenic dinoflagellate Alexandrium 
catenella. Three main results were apparent. First, contemporaneous or previous grazer exposure 
had a strong effect on the increase or retention of PST under all cell growth phases and nutrient 
regimes. Second, regardless of nutrient regime, cells induced to produce toxin in response to 
previous direct exposure to grazers showed lower growth rates compared to cells that had not 
been grazer-exposed, implying that induced toxin production comes at the expense of cell growth, 
and that this trade-off may last for generations. Third, there was a positive correlation of fitness 
cost and induced toxin, which indicates that induced toxin production comes at the expense of 
cell growth. 
Growth stage or nutrient availability and environmental enhancement are distinct 
mechanisms used to explain variability in the toxin content of batch-cultured Alexandrium 
species (Anderson et al. 1990). The cell toxin content in some Alexandrium species is typically 
highest in the exponential phase, when cells are growing fast (Boyer et al. 1987, Boczar et al. 
1988, Anderson et al. 1990), whereas others have shown an increase in the stationary phase 
(Parkhill and Cembella 1999, Lim et al. 2005). I observed that the accumulated PST content was 
highest in the stationary phase. These studies have mostly focused on abiotic control of PST 
production, which varies with growth stage. However, toxin production can also be stimulated by 
the presence of grazers as an inducible defense (Jang et al. 2003, Selander et al. 2006; 2008, 
Bergkvist et al. 2008, Van Donk et al. 2011, Senft Batoh et al. 2015a; 2015b). Here, I 
hypothesized that grazer-induced and constitutive PST production would differ, and that the 
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difference would be growth-stage dependent, suggesting differential plasticity of constitutive 
versus induced defense during a bloom. Similar to previous work (Senft-Batoh et al. 2015a), 
direct contemporaneous exposure to grazers yielded the highest increase in induced toxin 
production regardless of growth phase. However, induced toxin production depended on the 
growth phase, with a decrease from early exponential through the stationary growth phase (Fig. 
2). The pattern for cell growth rate was, however, opposite to that of PST production. The net 
growth rate of cells in direct contact with grazers in all phases decreased to zero. Cells indirectly 
exposed to grazers also induced significant toxin production relative to control cells (44-50% 
increase) in all growth phases (Fig 2). This result is consistent with the indirect induction (35% 
increase) observed in previous work on the same strain (Senft Batoh et al. 2015a). Consequently, 
throughout the growth phase of A. catenella, physical contact with grazers is a more immediate 
threat than feeding-related cues such as kairomones (Dodson et al. 1994), and algal alarm cues 
(cell-to cell signals for cell death or destruction, Hay 2009). 
Selander et al. (2008) tested for grazer-induced PST production under different nutrient 
regimes, and documented a significant indirect induction of PSP production in N-replete 
conditions. The same phenomenon was observed in our assay of interaction of previous grazer 
experience and nutrient regime when offered N-replete media either in M3, M4, and M5 
(balanced N:P ratio: 16) or in M6 (unbalanced N:P ratio: 440), a significant increase in CTC of 
cells directly and indirectly exposed to grazer cues was observed in the exponential phases (EE 
and LE). By contrast, the effect on cell growth showed no significant pattern in all phases, 
indicating that control of induced toxin production is N-dependent, but cell growth is less 
dependent on previous (direct/indirect) grazer exposure. Altogether these observations indicate 
that grazer-mediated induction of toxin production is N-limited, similarly to what has been 
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reported in studies of the role of nutrients on constitutive PSP toxin production. Our observations 
also indicate that grazer-induced toxin production is also controlled by P-limitation. In the EE 
and LE experiments, the highest CTC of control cells was usually observed when the N:P ratio 
was 440:1 µML-1 (M6 medium), consistent with previous work (Anderson et al. 1990, 
Taroncher-Oldenburg et al. 1999, Guisande et al. 2002, Frangópulos et al. 2004). Moreover, dual 
nutrient limitation (M2; N:P=3:1 µML-1), resulted in the lowest CTC level among media, 
possibly explained by a rapid deregulation of C metabolism associated with C-specific growth 
determination and C-specific toxin content (Granéli and Flynn 2006). Overall, N-source impacts 
primarily toxin production, while P-limitation has the potential for affecting growth, and for 
having numerous insidious effects by disturbing biochemical regulations such as phosphorylation 
of intermediates, C fixation, and toxin synthesis (Granéli and Flynn 2006). Hence, in the present 
study, N- limitation of toxin production was more evident than P-limitation in all treatments 
(M1=M2<M3=M4<M5=M6), except in the PS phase. More importantly, even though nutrient 
control of CTC was evident, it was less than grazer-mediated CTC control. Thus, the top-down 
effect was much greater than the nutrient effect observed here (effect size for group mean 
differences: η2; top down versus bottom up; 0.97 vs. 0.69 in EE, 0.95 vs. 0.86 in LE, and 0.76 vs. 
0.30 in PS). 
The Principle of Allocation (PoA: Cody 1966) posits that the energy gained from 
resources cannot be maximized among all biological functions simultaneously (Townsend and 
Calow 1981, Sagers and Coley 1995, Ricklefs and Relyea 2013). Therefore, one may expect a 
trade-off between toxin production and growth, leading to a tax associated with grazing defense 
(Van Donk et al. 1999). Although a negative correlation between toxin production and cell 
growth was not readily evident, the partially concordant outcomes (Fig. 6) imply that a trade-off 
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between net cell growth rate and toxin production rate could be evident under certain conditions 
(e.g., direct grazing during the exponential phase). The present study, however, revealed a fitness 
tax result from toxin production; that is, a reduction in the cell growth rate brought about by a 
decrease in the cell division rate, instead of from cell loss due to grazing mortality (Janzen 1981, 
Verschoor et al. 2009). Thus, ignoring the fitness tax leads to an overestimation of grazing 
mortality. To date, the fitness tax has historically been difficult to detect empirically (Strauss et 
al. 2002, Van Donk et al. 2011, Brönmark et al. 2012). The assay on previous grazer exposure 
can help measure a fitness tax, because the specific growth rate is unaffected by grazing 
mortality. The strong correlation between induction of toxin production and fitness tax in the 
assay in which cells had been previously exposed to grazers (Fig. 7B) indicates that toxin 
production is indeed costly to cell growth. Selander et al. (2008) examined effect of nitrate on 
grazer-induced toxin production in Alexandrium minutum, and found a significant increase in 
CTC in N-replete treatments, but no detectable reduction in cell growth rate; suggesting that 
fitness costs were negligible in that species. However, the fitness tax (direct cost) in the present 
study was evident whether nitrate was limiting or not, but was higher under N-replete conditions 
when toxin production was also higher, indicating that fitness tax in Alexandrium catenella (BF-
5) is indeed resource-dependent. 
In terrestrial prey, anti-predator behavior may be lost in response to a loss of predators 
(Diamond, 1990, Berger et al. 2001), presumably because defense is a costly trait. The 
hypothesis of ‘the ghost of predation past’ (Peckarsky and Penton 1988, Neill 1990) posits that a 
species subject to past selection for anti-predator behavior will retain the behavior if it is not too 
costly (Neill 1990, cited in Blumstein et al. 2006). One condition in which cell toxicity may be 
lost is when cells are grown in the laboratory in the absence of grazers. For example, 
 
	 	
	
	
42 
Alexandrium lusitanicum (strain 18-lNT) has been identified as a non-toxic mutant, for which 
toxicity has been lost during routine culture maintenance over 40 years (Martins et al. 2004). 
Furthermore, over a relatively short period of time (4–6 years), toxigenic Alexandrium tamarense 
(3 of 9 subclones of OF935-AT6) became non-toxic (Cho et al. 2008). By contrast, Alexandrium 
catenella (strain BF-5) cultured in our laboratory since 2001 has maintained a high CTC. The 
previous grazer exposure assay showed that elevated toxin production continues a few 
generations after the grazer threat has disappeared, even as cell growth rate decreases. Thus, we 
seem to have a paradox: toxin production carries a fitness tax, yet the trait persists in the absence 
of grazers. This suggests that toxin production may have other functions that are important and 
independent of defense. 
In conclusion, I have shown that toxin production rate and net growth rate of 
Alexandrium catenella cells depend on the presence of grazers and their waterborne cues, not 
only resource availability. Grazer-exposed cells always showed significantly elevated CTC 
relative to unexposed cells regardless of growth phase and nutrient regime, but the cell growth 
rate showed the reverse pattern, indicating a possible trade-off. The positive correlation between 
induced toxin production and fitness tax supports this notion. In addition, grazer-induced toxin 
production was highest when nitrate was plentiful, and the fitness tax of toxin production was 
also resource dependent, indicating a role of resource in mediating defense. 
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Chapter 3 
 
Fitness tax of grazer-induced toxin production in the marine dinoflagellate Alexandrium 
catenella 
ABSTRACT 
Measurement of a direct cost (fitness tax) of grazer-induced toxin production in toxigenic 
phytoplankton has proved elusive because of the difficulty of disentangling the toxin production 
tax from the mortality rate in grazing experiments. In this study, I measured fitness cost of toxin 
production in the marine dinoflagellate Alexandrium catenella, which bears paralytic shellfish 
toxin (PST) in both constitutive (always present) and inducible (increased in the presence of 
grazers) forms. In controlled laboratory experiments in which cells of A. catenella were grown 
with (treatment) or without (control) contact with copepods for 96 hr, I simultaneously measured 
relative gene expression (RGE) of saxitoxin, STX (sxtA and sxtG), and cell growth (cyc) by 
qPCR. The latter is significantly and positively correlated with cell division rate.  STX gene 
expression was significantly higher in the treatments relative to controls. By contrast, RGE of 
cyc was significantly lower in the treatment relative to the control. This trade-off was confirmed 
by a significantly negative correlation between toxin production rated measured by HPLC and 
RGE of cyc. The fitness tax translates to a reduction of the cell division rate of 56% in the 
presence of grazers. Failure to account for this tax leads to an overestimation of the grazing rate 
of 32%. This suggests that the traditional concept of predator-toxigenic prey interaction needs to 
be modified explicitly taking into consideration the fitness tax of chemical defense. 
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1. INTRODUCTION 
The marine dinoflagellate Alexandrium catenella is well known for the production of 
saxitoxin (STX) and its analogues, neo-STX, gonyautoxins, and C toxins, which bind to several 
voltage-gated ion channels in the nervous system (Schantz et al. 1975, Shimizu 1993; reviewed 
by Llewellyn 2006, Cusick and Sayler 2013). These neurotoxins are transferred through the food 
web and affect species interactions, ecosystem function, and public health via Paralytic Shellfish 
Poisoning (PSP) (Shumway 1990, Lehane 2001, Landsberg 2002, Cembella 2003). PSP in 
humans includes numbness, paralysis, disorientation, and even death (Ritchie and Rogart 1977). 
Hence, Paralytic Shellfish Toxin (PST) is listed as a Schedule I chemical intoxicant by the 
organization for the prohibition of chemical weapons (Chemical Weapons Convention, 
September 1998, The Hague, Netherlands). PST is produced by several species of marine 
dinoflagellates (Alexandrium spp., Gymnodinium catenatum, and Pyrodinium bahamense var. 
compressum), as well as prokaryotic cyanobacteria (reviewed by Anderson et al. 2012, Zanchett 
and Oliveira-Filho 2013).  
At least half of the more than 30 morphologically-defined species in the genus 
Alexandrium are PSP producers (Anderson et al. 2012). PSP toxin production may act as a 
defense mechanism to mitigate grazing losses (Cembella 2003). Moreover, the defense is 
inducible; that is, toxigenic Alexandrium species exposed to copepod grazers, or their waterborne 
cues, dramatically increase toxin production rates (Selander et al. 2006, Bergkvist et al. 2008, 
Van Donk et al. 2011, Senft-Batoh et al. 2015a). The phenomenon also occurs when 
Alexandrium is exposed to other grazer phyla including molluscs and tunicates (Senft-Batoh et al. 
2015b). 
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Primary metabolites are major substances in growth, development, and reproduction, 
whereas secondary metabolites are often involved with plant defense (Freeman 2008). As 
secondary metabolites, constitutive and induced anti-grazing defenses are common in higher 
plants (Zangerl and Rutledge 1996, Karban and Baldwin 1997). Karban et al. (1997) postulated 
that inducible defenses have evolved as a cost-saving strategy, in which undamaged plants can 
divert resources from defense to growth and reproduction, which are fitness components. 
According to the Principle of Allocation (PoA: Cody 1966), organisms cannot simultaneously 
maximize all of life functions (Townsend and Calow 1981, Sagers and Coley 1995, Ricklefs and 
Relyea 2013). Therefore, one would expect a trade-off between anti-grazing defense and tax paid 
by direct costs (Van Donk et al. 1999); in other words, resources of the prey can be allocated to 
other components of fitness instead of defense in the absence of grazers (Koricheva 2002, 
Karban 2011, Brönmark et al. 2012). Despite the importance of fitness tax (also called direct cost 
or metabolic allocation cost) to defense theory, it has historically been difficult to detect 
empirically (Strauss et al. 2002, Van Donk et al. 2011, Brönmark et al. 2012). Part of the 
difficulty is disentangling the of toxin production tax from the mortality term during grazing 
experiments One way to solve this problem is to use gene expression of cell growth, which is 
independent of grazing mortality.  
Recently, STX biosynthesis genes have been identified in multiple species of 
cyanobacteria and dinoflagellates, including Alexandrium spp. (Kellmann et al. 2008, Stüken et 
al. 2011, Hackett et al. 2013, Cusick and Sayler 2013). The abundance of sxtA, a unique starting 
gene of saxitoxin synthesis, was positively related to the number of gene copies and sxtA 
transcripts (Stüken et al. 2011; 2013; 2015). Murray et al. (2011) also quantified sxtA4, one of 
the variants of sxtA, using qPCR in A. catenella. Zhuang et al. conducted metatranscriptomic and 
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qPCR studies for a PSP outbreak in Long Island in 2008 and found that sxtA expression was 
elevated by 50 times during the bloom relative to laboratory cultures (Zhuang et al. 2015). 
Meanwhile, a mitotic cyclin gene has been studied from strain CCMP1719 and suggested as a 
bio marker for monitoring growth rates of A. catenella (Zhuang et al. 2013). Overall, transcript 
analyses of the first three steps of STX biosynthesis (sxtA, sxtG, sxtB) and the cell growth-related 
transcript (cyc) may be potential target genes to quantify the fitness tax of defense.  
In this study, sxtA was quantified and sxtG (Orr et al. 2013) was also used as a second 
core gene of STX biosynthesis to confirm the gene expression level of STX transcripts. The 
reference genes (lbpn and cob) were used to normalize the gene expression level (Zhuang et al. 
2013, Wiese et al. 2014). Traditional methods, such as toxin analysis using high performance 
liquid chromatography (HPLC) and microscopy cell counting, are also needed to compare to the 
direct measurement of the trade-off between defense and cell growth. Previous experiments 
based on the measurement of toxin molecules using HPLC demonstrated significant 
enhancement of Alexandrium catenella toxin production within 48 hr after exposure to cues from 
grazing copepods (Senft-Batoh 2012). Thus, it would be instructive to measure time-dependent 
transcript expression to see whether they correlate with changes in cell toxin content. 
To understand, at the molecular level, the relationship between growth and toxin 
production in Alexandrium catenella (strain BF-5), I investigated the change of transcript 
abundance, determined by relative quantitation of gene expression using quantitative reverse 
transcription PCR (RT-qPCR) of STX versus cell growth. I hypothesized that: 1) Relative gene 
expression (RGE) of STX (sxtA and sxtG) of A. catenella increases in the presence of grazers, 
whereas RGE of cell growth (cyc) decreases; 2) There is a trade-off between toxin production 
and cell growth in A. catenella; 3) There is a significant fitness tax (direct cost) due to grazer-
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induced induced toxin production; and 4) The fitness tax of toxin production is significant 
compared to cell loss due to grazing.  
 
2. MATERIALS AND METHODS 
2.1. Sample collection and culture 
 The toxigenic dinoflagellate, Alexandrium catenella (strain BF-5, isolated from Bay of 
Fundy, Canada, 2001) was grown in F/2 medium without silicate (Guillard 1975). Cultures were 
maintained in the exponential growth phase and all experiments were conducted in an 
environmental chamber kept at 18°C, illuminated with fluorescent lighting (~100 µM m-2 s-1) set 
to a 12 hr:12 hr light:dark photoperiod. 
The calanoid copepod Acartia hudsonica historically co-occurring with toxic 
Alexandrium catenella was collected from Casco Bay, Maine, U.S.A. (43°39′N, 74°47′W), a 
location in which blooms of A. catenella are common. Triplicate copepod cultures were 
maintained with a mixed diet of Thalassiosira weissflogii, Tetraselmis sp. and Rhodomonas sp., 
as described in Colin and Dam (2007). Copepods were cultured for at least three generations (~3 
months) prior to experiments to remove maternal and environmental effects (Falconer and 
MacKay 1996). Animals (eggs to adults) in cultures were transferred monthly to new containers. 
Prior to assays, copepods were acclimatized to experimental conditions for 24 hr, and starved 
during that period to ensure complete gut evacuation (Dam and Peterson 1988). 
 
2.2. Grazer-induced toxin production assay 
Alexandrium catenella cells were placed in 500 ml bottles (300 cells ml-1) either without 
copepods (controls: constitutive toxin production) or with 20 adult female A. hudsonica 
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(treatments) for a period of 96 hr. Experiments were done in quadruplicate sets for both control 
and treatment, and carried out at 18°C in a walk-in environmental chamber. All bottles were 
rotated end to end at 1.3 rpm on a plankton wheel. For the time series analysis, A. catenella cells 
were harvested at 4, 8, 12, 24, 48, 72, and 96 hr. At the conclusion of each exposure time, 
animals were gently removed by wet-sieving onto a 200 µm sieve. Two separate aliquots from 
each bottle were filtered onto 5 µm pore size polycarbonate membranes: one for toxin analysis 
and another for RNA extraction. For the former, the filter was carefully washed off with 1 ml of 
0.1 M acetic acid, and for the latter 1 ml of Trizol reagent. Filters were immediately frozen at -
80 °C. An aliquot of 10 ml was also taken from each bottle for cell counts (500 µl) and was 
preserved in 0.5% acid Lugol’s solution made with filtered seawater. 
 
2.3. Toxin analysis  
Samples of Alexandrium catenella that had been preserved in 0.1 M acetic acid were 
thawed at room temperature and homogenized on a Fastprep-24 Tissue and Cell Homogenizer 
(MP Biomedicals, Solon, OH, USA) using Lysing Matrix C silica beads (~1 mm in diameter) at 
speed of 6 m/s for three 40 second cycles. Complete disruption of the cells was confirmed by 
microscopic examination. The cells were centrifuged again and the supernatant was filtered 
through 0.45 mm ultra-filtration centrifuge cartridges (Millipore, Billerica, MA). 
PST concentrations were determined by reverse-phase ion-pairing high performance 
liquid chromatography (HPLC) using the post-column oxidative fluorescence method described 
by Oshima et al. (1989; 1995). Samples were separated on an Alltech C8 column (150 mm x 4.6 
mm) packed with 5 µm particles. The following mobile phases, delivered at a flow rate of 0.8 ml 
min-1, were used for separation of the different toxin groups: 1) 2 mM 1-heptanesulfonate in 10 
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mM ammonium phosphate buffer (pH 7.1) for gonyautoxins 1, 2, 3 and 4 (GTX1-4); and 2) 2 
mM 1-heptanesulfonate in 30 mM ammonium phosphate buffer (pH 7.1): acetonitrile for 
saxitoxin (STX), neosaxitoxin (NEO), C1, and C2. The post-column derivatization system 
consisted of a peristaltic pump to deliver oxidant (7 mM periodic acid in 10 mM potassium 
phosphate buffer (pH 9.0) and acid (500 mM acetic acid) at 0.4 ml min-1 to the eluate. Post-
column reagents were sparged continuously with helium. Fluorescent PST derivatives were 
detected using an online Waters 474 fluorescence detector (excitation: 330 nm and emission: 390 
nm). Certified toxin standards from the National Research Council of Canada (Halifax) were 
used. The toxin concentration was calculated from HPLC chromatograms using software that 
recorded the chromatograms and integrated peak areas (Empower, Waters). The toxin 
concentrations were expressed by femto mole unit (fmol cell-1). 
 
2.4. Growth rate and toxin production rate 
Alexandrium catenella cells were counted on an inverted microscope (Olympus IX70 
Model) from the same sub-sample preserved in Lugol’s solution. The growth rate (µ) was 
calculated, assuming exponential growth, as: 𝜇 = *+,-.*+,/1-.1/  (Eq. 3.1) 
In this equation N0 is the cell concentration at the beginning (t0) and Nt is the concentration at the 
conclusion of each exposure time (tt) in days; µ represents the cell division rate in the control 
bottles, and the net growth rate in the treatment bottles, respectively.  
The toxin production rate (𝜇tox: fmol d-1) and net toxin production rate (Rtox: fmol cell-1 d-1) 
were determined as mentioned by Anderson et al. (1990) following equations: 𝜇134 = *+5-.*+ 5/1-.1/  (Eq. 3.2), 
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𝑅134 = 𝜇 5-.5/,-.,/ (Eq. 3.3) 
To yield the total toxin concentration T in culture (fmol ml-1), each toxin content (fmol cell-1) at 
the beginning (t0) and conclusion of each exposure time (tt) was multiplied by cell concentration 
(N0 and Nt).  
 
2.5. RNA extraction and cDNA synthesis 
Cells from the samples preserved in Trizol reagent were thawed in the ice and 
homogenized as described above. After homogenization, the tubes were centrifuged at 10,000 x 
g for 1 min and the supernatant was transferred to a clean tube for subsequent RNA extraction. 
Total RNA, treated by DNase, was isolated as described previously (Lin et al., 2010) and 
quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA). cDNA was synthesized from 180 to 280 ng of the total RNA using iScript™ cDNA 
Synthesis Kit (ProMega) and modified oligo dT (Zhang et al. 2007). The resultant first-strand 
cDNA was purified using Zymo DNA Clean and Concentrator (Zymo Research, Orange, CA, 
USA). 
 
2.6. Gene expression analysis 
Gene expression analyses were conducted using reverse transcription quantitative PCR 
(RT-qPCR). From previous studies several pairs of primers were designed and tested for 
specificity and PCR efficiency by RT-qPCR (Table 1). The PCR products were purified using 
Zymo DNA Clean & Concentrator kit, and resultant DNA concentrations were measured using 
NanoDrop Spectrophotometry.  
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All quantitative PCRs (qPCRs) were performed on a StepOnePlus™ real-time PCR 
system and run in 10 µL reactions with Fast SYBR® Green Master Mix with the amplification 
conditions. qPCR protocols included a start with a 10 min activation step at 95 °C, followed by 
45 cycle amplification comprising 15 s at 95 °C, 30 s at 60 °C, annealing temperature and 15 s at 
72 °C for extension followed by a melting curve analysis.  
For each of the standards and samples, three reactions were performed in RT-qPCR and 
the average expression level and standard deviation was calculated. The reaction mix contained 5 
mL Supermix, 200 nM of forward and reverse primers, and 4 mL of template, which was 1:20 
diluted cDNA (equivalent to about 2 ng of total RNA) for the experimental samples. qPCR 
protocols were performed with a 10 min activation step at 95 °C, followed by 45 cycles 
amplification comprising 15 s at 95 °C, 30 s at 60 °C, annealing temperature and 15 s at 72 °C 
for extension followed by a melting curve analysis. Relative gene expression levels of the target 
genes were compared to those in the reference gene (lbpn) according to Pfaffl method corrected 
for efficiency of each primer set (Pfaffl 2001).  
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Table 1. Details of primers used in this study. 
Function	 Gene	 Name	 Sequence	5’	–	3’		 Length	 Reference	
Toxin	 sxtA	 sxt007	F	 ATGCTCAACATGGGAGTCATCC		 454	bp	 Stüken	2011	
	
sxtA	 Sxt008	R	 GGGTCCAGTAGATGTTGACGATG		 Stüken	2011	
	
sxtA4	 sxtA4F		 CTGAGCAAGGCGTTCAATTC		 125	bp	 Murray	2011	
	
sxtA4	 sxtA4R		 TACAGATMGGCCCTGTGARC		 Murray	2011	
	
sxtG	 559F		 GACGGGAACGGCTACAA		 65	bp	 Orr	2013	
	
sxtG	 605R		 GCTCGAAGATCGGGTCCT		 Orr	2013	
Growth	 cyc	 AlexcyclinF1		 CCAGGCTCAGCGGCTACGT		 128	bp		 Zhuang	2013	
	
cyc	 AlexcyclinR1		 AGCATCTCCGTGTGGCGATACT		 Zhuang	2013	
Reference	 lbpn	 AlexLBPNF		 GCGTGACATGAGCGGCTACAT		 207	bp		 Zhuang	2013	
	
lbpn	 AlexLBPNR1		 TTGGAGCGGCGGCAGAACAT		 Zhuang	2013	
	
cob			 cob	F	 TCCCATTTTTCCCTTTCWTT		 212	bp		 Wiese	2014	
		 cob			 cob_R		 ATTTTTGTTGGGCACAGCTT		 Wiese	2014	
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2.7. Fitness tax and ingestion rate 
The grazing rate (𝑔) is traditionally calculated as: 
 𝑔 = 𝜇78399 − 𝜇;<1 (Eq. 3.4) 
In equation 2.4, µgross is the cell division rate in the absence of copepods (control bottle) and µnet 
is the net growth rate in the copepod treatment (cell division rate minus copepod-linked losses).  
In Eq. 3.4, it is assumed that µgross is the same in control and treatment bottles. This 
assumption may not hold true if there is a trade-off between grazer-induced toxin production and 
cell division rate. Thus, the loss term in µnet effectively represents both cell losses due to grazing 
and reduced cell division rate arising from the trade-off. Thus, the two losses must be 
disentangled. The growth rate can be expressed as having a constitutive (µcontrol = µc) and a 
grazer-induced (µtreatment = µt) component, and the change in growth rate (Δµ) can be expressed as ∆𝜇 = 𝜇= − 𝜇1 (Eq. 3.5) 
According to the principle of allocation (Cody 1966), fitness tax (tax) is the loss of 
growth from committing resources for toxin production. A modified grazing rate (𝑔>) and the 
changes in prey concentration accounting for grazer-induced toxin production can be measured 
and re-expressed using (Eq. 2.5), where 𝑔>is calculated by: 
 𝑔> = 𝜇= − 𝜇1 − 𝑡𝑎𝑥 (Eq. 3.6)  𝑔> = ∆𝜇 − 𝑡𝑎𝑥 (Eq. 3.7)  
Because I show a significant and positive correlation between relative expression of 
cyclin gene (cyc) and cell growth rate in the absence of grazers (see results), I can use the former 
as a proxy of cell division rate. Thus, fitness tax is derived from the proportion of relative 
expression of cyclin gene (cyc) between cells in the control (constitutive toxin production) and 
the copepod treatment (induced toxin production). 
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𝑡𝑎𝑥 = ∆𝜇(1 − CDE	3G	=H=	 18<I1J<;1CDE	3G	=H=	 =3;13K ) (Eq. 3.8)  
Alternatively, the fitness tax is simply the difference in cell division rates, estimated from the 
regression of growth rate versus relative expression of cyclin gene (cyc), between the control and 
the treatment. Both approaches are mathematically equivalent (Appendix 2).  
The ingestion rate was calculated according to the formula described in (Frost 1972) and 
compared to the modified ingestion rate (𝐼>) as 𝐼> = 𝐶𝑚′ M7>;  (Eq. 3.9) 
where 𝐶𝑚> is the mean cell concentration during the experiment calculated as 
𝐶𝑚> = ,/(< NOPQR ∆-.S)∆1(TO.7R)  (Eq. 3.10) 
In Eq. 2.10, N0 is the initial concentration of Alexandrium catenella, V is the volume of the bottle, 
n is the number of copepods, and Δt is the elapsed time in days. 
 
2.8. Statistical analysis 
Due to the failure of normality tests (p<0.05) on cell concentration, toxin content, toxin 
profile, and gene expression data, a nonparametric Kruskal-Wallis one-way ANOVA on ranks 
was used and all pairwise comparisons among treatments were assessed with the Tukey HSD 
post-hoc procedure. Two-way analysis of variance (two-way ANOVA), with post-hoc Tukey 
HSD of means compared parameters within groups was used to determine whether grazer 
(presence/absence) and time (4, 8, 24, 48, 72, and 96 hr) affected differences in cell 
concentration, toxin content, growth rate, and transcript abundance (four independent replicates 
per test and two samples for PST analysis). Time-dependent changes in these variables were also 
assessed by regression analysis separately for control and treatments. Ingestion rate was tested 
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with a Mann-Whitney U Test to compare Frost equation versus modified equation. All statistical 
analyses were performed using SigmaPlot version 11.0 and SPSS version 23 software. 
 
3. RESULTS 
3.1. Cell growth and toxin content 
The pattern of cell concentration, growth rate, and toxin content of Alexandrium catenella 
was different between the controls (no grazers) and treatments (with grazers) (Table 2; F1,42=207, 
p<0.001, F1,36=26.9, p<0.001, and F1,14=28.2, p<0.001, respectively). Cells in the controls 
showed an exponential (r2=0.78, p<0.001, n=24) increase from an initial mean value of 250 cells 
ml-1 to a maximum of 394 cells ml-1 after 96 h (Fig. 1A; ANOVA, F6,21=12.3, p<0.001). In 
contrast, cells in the treatments declined relatively quickly for the first 24h (r2=0.69, p<0.001, 
n=24), and then slowly for the reminder of the experiment (ANOVA, F6,21=7.64, p=0.005). 
There was an interaction between grazer and day (two-way ANOVA, F6,42=16.3, p<0.001). 
From beginning to end, toxin content in the treatments increased 11-fold from 60 fmol 
cell-1 to 674 fmol cell-1 (r2= 0.952, p<0.001, n=14) (Fig. 1B; ANOVA, F6,7=39.7, p<0.001). 
There was no difference in cell toxin content versus time in the control bottles (ANOVA, 
F6,7=0.346, p=0.892), and the interaction between grazer and day was not significant (two-way 
ANOVA, F6,14=1.13, p=0.395). 
The net growth rate by day differed within treatments only (Fig. 1C; ANOVA, F5,18=3.07, 
p=0.036), and there was no interaction between grazer and day (two-way ANOVA, F5,36=0.169, 
p=0.972). In addition, net growth rates in the treatments were low, with negative values when 
toxin production rates were high, indicating a trade-off between the net growth rate and the 
specific toxin production rate (𝜇134) (Fig. 1D; regression: y=0.064-0.190x, r2=0.727, n=24, 
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p<0.001). Furthermore, the net growth rate against the net toxin production rate (Rtox) also had a 
significantly correlation (n=24, r=-0.461, p=0.023).  
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Figure 1. Cell concentration (A), cell toxin content (B), cell net growth rate (C) versus time, and 
toxin production rate versus cell net growth rate (D) during the grazing assay. Lines are 
regression fits.    
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Table 2. Summary of two-way ANOVA for dependent variables: cell concentration (cells ml-1), 
toxin content (fmol cell-1), and net growth rate (d-1) during the grazing assay. Factors in the 
ANOVA are absence or presence of grazer Acartia hudsonica, time (seven levels; 0. 4, 8, 24, 48, 
72, and 96 hr), and the interaction of grazer and time. SS(III), type III sum of squares; df, 
degrees of freedom; MS, mean sum of squares for ANOVA; F, statistic for ANOVA test; p, 
significance of the ANOVA test; η2, partial eta squared. 
Cell	Concentration	(cells	ml-1)	
Source	 SS(III)	 Df	 Mean	Square	 F	 p	 η2 
Day	 709	 6	 118	 2.97	 0.017	 0.30	
Grazer	 8257	 1	 8257	 207	 0.001	 0.83	
Day	×	Grazer	 3905	 6	 651	 16.3	 0.001	 0.70	
Residual	 1674	 42	 40	
	 	 	Total	 60032	 56	 		 		 		 		
Net	Growth	Rate	(d-1)	
Source	 SS(III)	 Df	 Mean	Square	 F	 p	 η2	
Day	 0.373	 5	 0.075	 5.61	 0.001	 0.44	
Grazer	 0.358	 1	 0.358	 26.9	 0.001	 0.43	
Day	×	Grazer	 0.011	 5	 0.002	 0.169	 0.972	 0.02	
Residual	 0.479	 36	 0.013	
	 	 	Total	 1.368	 48	 		 		 		 		
Cell	Toxin	Content	(fmol	cell-1)	
Source	 SS(III)	 Df	 Mean	Square	 F	 p	 η2	
Day	 610	 6	 102	 4.09	 0.014	 0.64	
Grazer	 700	 1	 700	 28.2	 0.001	 0.67	
Day	×	Grazer	 169	 6	 28	 1.13	 0.395	 0.33	
Residual	 348	 14	 25	
	 	 	Total	 7713	 28	 		 		 		 		
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3.2. Toxin profile and composition 
 
The toxin profile of Alexandrium catenella in the controls (n=14) during the experiment 
consisted of gonyautoxin 3 (Fig. 2A; GTX3: 20-25%; ANOVA, H6=6.80, p=0.340), gonyautoxin 
4 (Fig. 2B; GTX4: 25-30%; ANOVA, H6=0.971, p=0.987), neosaxitoxin (Fig. 2C; NEO: 36-
40%; ANOVA, H6=4.86, p=0.562), and C toxin (Fig. 2E; C2: 10-15%; ANOVA, H6=0.571, 
p=0.997). Cells in the presence of copepods slightly changed the proportions of toxins: 
gonyautoxin 3 (GTX3: 20 to 35%; ANOVA, H6=12.8, p=0.046), and neosaxitoxin (NEO: 40 to 
30%; ANOVA, H6=12.6, p=0.050), except gonyautoxin 4 (GTX4: 30 to 10%; ANOVA, 
H6=11.9, p=0.063) and C toxin (C2: 10 to 18%; ANOVA, H6=7.20, p=0.303). More importantly, 
A. catenella in treatments produced saxitoxin after 24h (Fig. 2D; STX: 0 to 10%; ANOVA, 
H6=12.9, p=0.045), which is a congener missing in the control cells. In addition, treatments 
showed a significant increase in all toxin congeners relative to the controls (Table 3): GTX3 (9 to 
365 fmol cell-1: 41-fold; two-way ANOVA, F1,14=33.5, p<0.001), GTX4 (20 to 104 fmol cell-1: 
5-fold; two-way ANOVA, F1,14=8.04, p=0.013), NEO (11 to 121 fmol cell-1: 11-fold; two-way 
ANOVA, F1,14=60.8, p<0.001), and STX (0 to 51 fmol cell-1; two-way ANOVA, F1,14=3136, 
p<0.001), but there was no difference in  C2 (18 to 30 fmol cell-1: 1.6-fold; two-way ANOVA, 
F1,14=1.56, p<0.232).  
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Figure 2. Toxin profile of Alexandrium catenella in controls and treatments. Lines are regression 
fits. 
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Table 3. Summary of two-way ANOVA for toxin composition: GTX3, GTX4, NEO, STX, and 
C2 (fmol cell-1). Factors in the ANOVA are absence or presence of grazer Acartia hudsonica, 
time (seven levels: 0, 4, 8, 24, 48, 72, and 96 hr), and the interaction of grazer and time. SS(III), 
type III sum of squares; df, degrees of freedom; MS, mean sum of squares for ANOVA; F, 
statistic for ANOVA test; p, significance of the ANOVA test; η2, partial eta squared. 
	GTX3	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 919	 6	 153	 9.66	 0.001	 0.81	
Grazer	 532	 1	 532	 33.5	 0.001	 0.71	
Day	×	Grazer	 153	 6	 26	 1.61	 0.216	 0.41	
Residual	 222	 14	 16	
	 	 	Total	 7713	 28	
	 	 	 	GTX4	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 518	 6	 86	 1.79	 0.172	 0.44	
Grazer	 386	 1	 386	 8.04	 0.013	 0.37	
Day	×	Grazer	 249	 6	 42	 0.86	 0.544	 0.27	
Residual	 673	 14	 48	
	 	 	Total	 7713	 28	
	 	 	 	Neo	STX	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 672	 6	 112	 8.71	 0.001	 0.79	
Grazer	 782	 1	 782	 60.8	 0.001	 0.81	
Day	×	Grazer	 192	 6	 32	 2.49	 0.075	 0.52	
Residual	 180	 14	 13	
	 	 	Total	 7713	 28	
	 	 	 	STX	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 356	 6	 59	 415	 0.001	 0.99	
Grazer	 448	 1	 448	 3136	 0.001	 1.00	
Day	×	Grazer	 356	 6	 59	 415	 0.001	 0.99	
Residual	 2	 14	 0.14	
	 	 	Total	 7049	 28	 		 		 		 		
C2	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 340	 6	 57	 0.644	 0.695	 0.22	
Grazer	 137	 1	 137	 1.56	 0.232	 0.10	
Day	×	Grazer	 118	 6	 20	 0.224	 0.962	 0.09	
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Residual	 1231	 14	 88	
	 	 	Total	 7713	 28	 		 		 		 		
 
3.3. Gene expression analyses 
A possible trade-off between grazer-induced toxin production and cell growth (Fig. 1D), 
is biased by the loss of cells due to grazing. Thus, relative gene expression (RGE) analysis was 
conducted to examine this trade-off and to quantify the fitness tax of toxin production. Genes 
involved in the first step of STX biosynthesis (sxtA, sxtA4, and sxtG) and cell growth (cyc) were 
used in the analyses over time courses. RGE of sxtA, sxtA4, and sxtG was significantly higher in 
the treatment (with copepods) than in the control (without copepods) (Table 4; two-way 
ANOVA, F1,36=41.6, p<0.001, F1,36=36.5, p<0.001, and F1,36=133, p<0.001, respectively), 
whereas RGE in the control did not vary significantly with time. In the copepod treatment, RGE 
of all three genes peaked at 24 hr and decreased after 48 hr (Fig. 3A-C; sxtA, sxtA4, and sxtG: 
Tukey post-hoc; p<0.001). Opposite to toxin genes, RGE of cyc in the treatments was 
significantly lower than in the controls (Table 3; two-way ANOVA, F1,36=33.7, p<0.001). RGE 
of cyc varied with time (Fig. 3D; cyc: Tukey post-hoc; p<0.001), and the pattern was similar for 
the treatment and the control. Due to the differential expression of STX genes early in the 
experiment (4-24 hr), there was no apparent trade-off based on RGE of sxt and cyc. 
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 Figure 3. Relative expression of STX-related genes (sxtA, sxtA4, and sxtG, panels A-C) and cell 
growth-related gene (cyc, panel D). Letters above bars represent significant differences among 
mean values of groups in the control and treatment. Error bars represent ± 1 standard deviation 
of the mean (n=4). 
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Table 4. Summary of two-way ANOVA for relative expression of STX-related genes (sxtA, 
sxtA4, sxtG) and cell growth-related gene (cyc). Factors in the ANOVA are absence or presence 
of grazer Acartia hudsonica, time (seven levels: 0, 4, 8, 24, 48, 72, and 96 hr), and the interaction 
of grazer and time. SS(III), type III sum of squares; df, degrees of freedom; MS, mean sum of 
squares for ANOVA; F, statistic for ANOVA test; p, significance of the ANOVA test; η2, partial 
eta squared. 
sxtA	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 763	 5	 153	 1.92	 0.114	 0.21	
Grazer	 3300	 1	 3300	 41.6	 0.001	 0.54	
Day	×	Grazer	 2289	 5	 458	 5.77	 0.001	 0.45	
Residual	 2857	 36	 79	
	 	 	Total	 38021	 48	
	 	 	 	sxtA4	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 2045	 5	 409	 4.91	 0.002	 0.41	
Grazer	 3040	 1	 3040	 36.5	 0.001	 0.50	
Day	×	Grazer	 1127	 5	 225	 2.70	 0.036	 0.27	
Residual	 3000	 36	 83	
	 	 	Total	 38024	 48	
	 	 	 	sxtG	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 2041	 5	 408	 11.4	 0.001	 0.61	
Grazer	 4760	 1	 4760	 133	 0.001	 0.79	
Day	×	Grazer	 1123	 5	 225	 6.27	 0.001	 0.47	
Residual	 1289	 36	 36	
	 	 	Total	 38024	 48	
	 	 	 	Cyc	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Day	 4357	 5	 871	 13.1	 0.001	 0.65	
Grazer	 2241	 1	 2241	 33.7	 0.001	 0.48	
Day	×	Grazer	 221	 5	 44	 0.665	 0.652	 0.09	
Residual	 2393	 36	 66	
	 	 	Total	 38024	 48	 		 		 		 		
 
  
 
	 	
	
	
65 
3.4. Fitness tax and ingestion rates 
A trade-off was confirmed by the significantly negative correlation between cell toxin 
content measured by HPLC and growth rate calculated by RGE of cyc (r=-0.560, p=0.004; 
regression: y=-0.625-0.128x, r2=0.313, p=0.005). Moreover, relative gene expression of cyc was 
positively correlated with the growth rate in the control (Fig. 4A; n=24, r=0.617, p=0.001; 
regression: y=-0.148+0.241x, r2=0.380, p=0.001). This suggests that cyc is transcriptionally 
regulated with and varies with cell growth. Thus, we used Eq. 3.8 to calculate the fitness tax 
incurred by grazer-induced toxin production.  
The time course of the ingestion rate calculated with the Frost (1972) equation and the 
modified equation of this study (Eq. 3.9) were compared (Fig. 5A and table 5). The mean 
modified ingestion rate (728 cells cop-1 d-1), which accounts for the toxin production fitness tax 
was 29% lower than the mean ingestion rate (1020 cells cop-1 d-1) based on the Frost equation 
(T-test, t46=2.31, p=0.026). In Fig. 5B, the upper area of the mid-line represents the cell 
concentration predicted, by accounting for toxin production fitness tax, with the modified 
grazing equations, which take into account the decrease in cell division rate due to increased 
toxin production. This area indicates an overestimation of grazing losses by the Frost (1972) 
equations of 17-40% during the experiment. The lower area represents the actual grazing losses.  
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Figure 4. Relative gene expression (RGE) of cell-growth related gene (cyc) versus cell growth 
rate in the control (A), and toxin production rate (calculated from time-dependent change in cell 
toxin content measured by HPLC) versus cyc RGE (B) during the grazing assay. Lines are 
regression fits.  
  
 
	 	
	
	
67 
 
Figure 5. Copepod ingestion rates and the changes in cell concentration due to fitness tax and 
grazing. Copepod ingestion rates as estimated by the traditional grazing equation (Frost 1972) 
and by this study, which considers the fitness tax due to toxin production (A) and the changes in 
cell concentration due to losses due to grazing and toxin production tax (B) during the grazing 
assay. In panel A, boxplot boxes represent the second and third quartile of data, line in the box is 
the median, dots are outliers, and the error bar represents the range of observations. The 
difference in ingestion rates is significant (T-test, t46=2.31, p=0.026). In panel B, the upper line 
represents cells in the control. The middle line represents the reduction in cell concentration due 
to the toxin production fitness tax. The lower line represents cell concentration in the treatment. 
The area between the upper and middle line is the cell loss due to toxin production fitness tax, 
and the area between the middle and lower line represents the cell loss due to herbivory.   
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Table 5. Calculation of fitness tax (tax), grazing rate (𝑔), mean cell concentration (Cm), and 
ingestion rate (I) calculated from Frost’s equations and this study (𝑔ʹ, Cmʹ, and Iʹ) during the 
grazing assay. A base line of 𝜇1I4 was calculated from regression of tax (n=23) (Y=-0.018X2 
+0.148X -0.276, where X is time). When X is zero, Y-intercept represents the base line of 𝜇1I4 in 
the absence of grazers (-0.276*). µc' and	𝜇tax' were recalculated by the base line for the 
percentage difference. For units see table 1. For a comparison of the same parameters calculated 
with the alternative tax equation, see Appendix 3.  
		 Time	(d)	 0.17	 0.33	 1	 2	 3	 4	
Cellcontrol	 Mean	 248	 244	 265	 298	 318	 394	
	
SD	 6	 11	 28	 44	 13	 51	
Celltreatment	 Mean	 240	 226	 222	 217	 214	 210	
	
SD	 12	 6	 12	 15	 6	 12	
µc	 Mean	 -0.062	 -0.078	 0.054	 0.083	 0.079	 0.112	
	
SD	 0.157	 0.134	 0.108	 0.070	 0.014	 0.034	
µt	 Mean	 -0.264	 -0.301	 -0.118	 -0.070	 -0.052	 -0.044	
	
SD	 0.297	 0.083	 0.054	 0.033	 0.010	 0.014	
cyc	c	 Mean	 0.362	 0.824	 0.954	 0.948	 0.673	 0.691	
	
SD	 0.204	 0.380	 0.187	 0.194	 0.231	 0.206	
cyc	t	 Mean	 0.300	 0.567	 0.603	 0.625	 0.437	 0.416	
		 SD	 0.053	 0.059	 0.102	 0.118	 0.056	 0.017	∆𝜇	 Eq.	3.5	 0.202	 0.222	 0.172	 0.154	 0.132	 0.156	
tax	 Eq.	3.8	 0.035	 0.069	 0.063	 0.052	 0.046	 0.062	𝜇tax	 𝜇tax=𝜇t+𝑡𝑎𝑥	 -0.229	 -0.231	 -0.054	 -0.018	 -0.006	 0.018	
µc'	 µc'=µc-(-0.276*)	 0.214	 0.198	 0.330	 0.359	 0.356	 0.388	𝜇tax'	 µtax'=µtax-(-0.276*)	 0.047	 0.045	 0.222	 0.258	 0.270	 0.294	
g	 Frost	(1972)	 0.202	 0.222	 0.172	 0.154	 0.132	 0.156	
g'	 Eq.	3.7	 0.167	 0.153	 0.108	 0.101	 0.086	 0.094	𝝁tax'	vs.	𝝁c'	 %	 22	 23	 67	 72	 76	 76	
tax	vs.	∆𝝁	 %	 17	 31	 37	 34	 35	 40	
Cm	 Frost	(1972)	 245	 238	 236	 233	 231	 229	
Cm'	 Eq.	3.10	 245	 241	 243	 246	 248	 259	
I	 Frost	(1972)	 1218	 1325	 1018	 900	 763	 894	
I'	 Eq.3.9	 1009	 923	 666	 627	 530	 609	
I'	vs.	I	 %	 17	 30	 35	 30	 30	 32	
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4. DISCUSSION 
 
This study tests a hypothesis regarding a trade-off between grazer-induced toxin 
production and cell growth, and a novel approach involving RGE of cell growth gene to quantify 
the prey fitness tax due to toxin production. An increase in grazer-mediated toxin production in 
Alexandrium catenella was evident by measured cell toxin content using HPLC (Fig. 1) and 
RGE of STX genes using RT-qPCR (Fig. 3). By contrast, RGE of cell growth gene (cyc) was 
significantly lower in the presence of grazers (Fig. 3). These observations are consistent with the 
trade-off hypothesis (Fig. 4), and the existence of a significant fitness tax due to toxin production 
(Fig. 5), equivalent to a reduction of the cell division rate of 56%. Failure to account for the 
fitness tax led to an overestimation of grazing loss of 17-40 (average 29%) during the 
experiment. 
The dramatic increase in grazer-mediated toxin production observed in this study is 
consistent with recent studies on the genus Alexandrium (Selander et al. 2006, Bergkvist et al. 
2008, Wohlrab et al. 2010, Senft-Batoh et al. 2015a; 2015b). This inducible response may be 
advantageous because resources associated with defense (toxin production) are used when 
needed, and otherwise allocated to other functions like growth and reproduction (Tollrian and 
Harvell 1999, Karban 2011, Brönmark et al. 2012).  
Cell growth rates and toxin production rates were simultaneously measured, and grazer-
induced toxin production was associated with a statistically significant decrease in the net growth 
rate of Alexandrium catenella (Fig. 1D). A complication in unequivocally demonstrating trade-
offs during grazing experiments is that the net growth rate rate of the prey population includes 
losses due to grazing and the reduction in cell division rate that arises from between cell growth 
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and toxin production. These two effects, however, can be disentangled by simultaneous 
measurement of relative gene expression levels for toxin production and cell loss.    
The gene expression analysis was conducted to obtain molecular and physiological 
insights into the regulation of both growth and toxin synthesis. Based on their functions in the 
PSTs biosynthetic pathway, the genes (sxtA, sxtA4, and sxtG) involved in the first steps of STX 
biosynthesis belong to the same group of eight genes (sxtA, sxtG, sxtB, sxtD, sxtS, sxtU, sxtH/T 
and sxtI), that are directly connected to the biosynthesis of STX in cyanobacteria (Kellmann et al. 
2008). In this study the relative gene expression of sxtA, sxtA4, and sxtG did not vary 
significantly with time in the control, whereas in the copepod treatment all three genes peaked at 
24 hr and decreased after 48 hr (Fig. 3). This suggests that the initiators, sxtA, sxtA4, and sxtG 
were predominantly expressed early in the experiments. Similarly, gene expression in a 
terrestrial plant defense system showed peaks at approximately 18 hr after pathogenic infection 
(Windram et al. 2012). Thus future studies employing these gene markers should focus on early 
exposure periods. 
Other recent studies showed that the presence of sxtA4 was well-correlated with PST 
biosynthesis in Alexandrium minutum (Stüken et al. 2011, Murray et al. 2011). However, PST 
production appears absent in other Alexandrium strains, in even if they have sxtA4 (Stüken et al. 
2011, John et al. 2014, reviewed by Wang et al. 2016). Another toxin related gene, sxtG, was 
also sequenced in the genomic DNA from both toxic and non-toxic species (Orr et al. 2013). It is 
unclear whether the reported lack of PST production in the presence of STX genes is due to a 
detection limit problem, more complex PST biosynthesis in dinoflagellates than in cyanobacteria 
(Wang et al. 2016), or that the gene is not expressed in cultures where there is no selective 
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pressure to produce toxin (see Chapter 2). At this stage, analysis of several genes for toxin 
expression should be used to understand molecular controls of toxin production. 
Universal cell-cycle regulators, cyclin-dependent kinases (CDKs) and their specific 
regulatory subunit (i.e. cyclin B) have been reported from the dinoflagellate cell cycle (Van 
Dolah et al. 1988, Lin and Carpenter 1999, Barbier et al. 2003, Bertomeu and Morse 2004, 
Eschbach et al. 2005; cited in Cembella and John 2006). More recently Zhuang et al. (2013) 
suggested that the mitotic cyclin gene might be a bio marker for monitoring the growth rates of 
Alexandrium catenella. I investigated the differential expression of the cell growth-related gene 
(cyc) between constitutive and grazer-induced A. catenella in time-course experiments. The 
relative gene expression of cyc in all copepod treatments was significantly lower than in the 
controls, supporting the hypothesis that cyc abundance of A. catenella decreases in the presence 
of grazers. The reduced growth rate (∆𝜇) of induced cells (µt) compared to control cells (µc) has 
been suggested as a way to measure a fitness tax of toxin production (Agrawal 2000, Relyea 
2002), but traditional grazing experiments typically ignore the possible toxin production fitness 
tax, and assume that the cell division rate is the same in the presence and absence of grazers.  
Here, we show this assumption to be incorrect, and demonstrate a significant toxin production 
fitness tax. Failure to account for this tax leads, in this instance, to a significant (17-40%) 
overestimation of the cell loss due to grazing. To my knowledge, this is the first direct 
demonstration of a fitness tax (direct cost) of toxin production in phytoplankton.  
Cell growth, expressed as the per-capita growth rate (µ; Eq. 3.1) is used as a measure of 
fitness in phytoplankton. In order to maximize benefit and minimize cost, each species evolves a 
different fitness strategy to compensate for loss factors such as grazing, lysis, sinking 
(sedimentation and burial), and physical transport (lateral/vertical advection) (Veldhuis and 
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Brussaard 2006). Harmful algal bloom (HAB) species have on average lower reported growth 
rates than non-HAB species (Stolte and Garcés 2006). It has been hypothesized that HAB 
species are capable of compensating for their low cell growth rates by reducing their losses due 
to grazing, either by being toxic or via another mechanism (Smayda 1997, Stolte and Garcés 
2006). However, defense in the form of toxin production can involve a reduction in cell growth. 
Therefore, the traditional concept of predator-prey interaction needs to consider this trade-off. 
Janzen (1981) also pointed out that it is a classic error in herbivory studies to measure herbivore 
impact only by the amount of materials they eat or by the reduction in fitness caused by 
herbivory. Thus, I developed grazing equations (Eq. 3.6 and 3.7) that account for the fitness tax 
due to toxin production. The modified ingestion rates were significantly lower than Frost (1972) 
ingestion rates at all time points, indicating grazing losses were overestimated on average by 29% 
(17-40% range). Altogether, findings in this study suggest a revision of the conceptual model of 
grazer-toxic prey interaction and of the control of cell growth and toxicity. Otherwise, the 
grazing losses may be overestimated because of the assumption that cell division rate is the same 
in the presence and absence of grazers is invalid. 
Clearly, toxin production is not entirely under the control of abiotic factors, but also 
under biotic control. Thus, grazing may involve not only removal of cells, but also a feedback 
mechanism, independent of nutrient recycling, on cell toxicity. This study suggests that induced 
defense in Alexandrium catenella may be adaptive because the defense offsets grazing losses. 
The approach presented here represents a novel, fast, and cost-effective means of quantifying 
biotic controls on PST production, which is a key issue in understanding the co-evolutionary 
arms race between prey and grazer by the constraints on anti-grazing defenses. 
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Chapter 4 
 
Ecological cost and benefit of defenses in response to grazing pressure in three 
Alexandrium catenella strains  
ABSTRACT 
There is still controversy on the adaptive significance of Paralytic Shellfish Toxin (PST) 
production as an anti-grazing defense mechanism. I tested for benefit and cost of PST production 
in the marine dinoflagellate Alexandrium catenella in response to copepod grazing. In controlled 
laboratory studies, I compared net cell growth rates of three A. catenella strains that differed in 
PST production (low, moderate, and high) as a function of grazing pressure. In the absence of 
grazers, the high toxigenic strain showed the highest growth rate, suggesting that the constitutive 
cost of toxin production is low. Only the high toxigenic strain was induced to increase toxin 
production in response to grazing pressure, an observation confirmed by relative gene expression 
(RGE) of precursor genes of saxitoxin production. The high and low toxigenic strains showed 
similar negative slopes of net growth rate versus grazer concentration. In contrast, the moderate 
toxigenic strain displayed an initial increase and then leveling off the net growth rate versus 
grazing pressure. Prey size was independent of grazing pressure in the high and low toxigenic 
strains, unlike the moderate toxigenic strain, which initially decreased and then leveled off size 
with grazing pressure. The pattern of prey size and net growth rate versus grazing pressure in this 
latter strain suggests an adaptive and grazing-dependent change in cell division rate; an inference 
verified by RGE of cell growth gene, cyc. A model of fitness benefits and costs suggests that the 
moderate and high toxigenic strains derive a net benefit relative to the low toxigenic strain, but 
the greatest benefit goes to the former. The results suggest that multifaceted defense is the 
winning strategy in this species. 
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1. INTRODUCTION 
Marine and freshwater unicellular plankton have evolved various patterns of anti-grazing 
defense, induced by the presence of physical or chemical cues from grazers, which lessen 
mortality (DeMott and Moxter 1991, Lurling and Van Donk 1996, Van Donk 1997, Lurling and 
Van Donk 2000, DeMott and Tessier 2002, Tang 2003, Lass and Spaak 2003, Yoshida et al. 
2004, Yang et al. 2006, Long et al. 2007). It is not surprising that the selective pressure from co-
occurring grazers has caused evolution of phytoplankton defenses, including escape, armored 
cell walls, spines, increasing or decreasing cell size, and colony formation (reviewed by Verity 
and Smetacek 1996, Smetacek 2001, Ianora et al. 2011). To date, most studies of phytoplankton 
defense mechanisms have reported behavioral and morphological defense mechanisms, and 
dinoflagellates have shown multiple defenses involving chemical and physiological defenses as 
well. 
Species of the genus Alexandrium display several defense mechanisms. For example, 
chains of A. minutum exposed to copepod cues respond by splitting into single cells or shorter 
chains, which reduces encounter rates with grazers (Selander et al. 2011). Alexandrium cysts 
isolated from macrobenthic organisms’ fecal pellets have almost the same germination ability as 
those in the sediment (Tsujino et al. 2002), implying some degree of resistance to grazing. 
Although some grazers with A. catenella have evolved resistance (Bricelj et al., 2005) or 
tolerance to toxigenic Alexandrium (Colin and Dam 2002; 2005; 2007, Avery and Dam 2007, 
Dam and Haley 2011, Zheng et al. 2011), many grazers are physiologically incapacitated after 
they consume toxigenic Alexandrium, with concomitant reduction of ingestion rate (Esaias and 
Curl 1972, White 1979, Teegarden and Cembella 1996, Teegarden 1999, Colin and Dam 2002, 
Selander et al. 2006, Sopanen et al. 2011, Senft-Batoh et al. 2015a), lysis or mortality (Hansen 
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1989, Hansen et al. 1992, Bergkvist et al. 2008), and delayed development and reduced fecundity 
(Dutz 1998, Frangópulos et al. 2000, Guisande et al. 2002, Toth et al. 2004). It has, therefore, 
been hypothesized that grazer-mediated induction of toxin production of Alexandrium species 
could represent a defense mechanism (Cembella 2003). 
Major theories of defense mechanisms have been reviewed for terrestrial (Herms and 
Mattson 1992, Karban and Baldwin 1997, Stamp 2003) and marine habitats (Pavia and Toth 
2008, Ianora et al. 2011). To develop a conceptual defense model of toxigenic phytoplankton 
that considers the prey fitness due to toxin production (see Chapter 3), I suggest applying the 
Optimal Defense Theory (ODT: McKey 1974), which is one of the most commonly-tested 
theories in higher plants and focuses on the plant’s need for defenses and on the evolution of 
defense allocation itself. This theory is based on the fundamental assumption that defenses are 
beneficial, yet costly. When predators, parasites, or pathogens are present, the allocation of 
defenses depends on three main factors: risk of attack, value of the plant under attack, and the 
cost of defense (McKey 1974; 1979, Rhoades 1979). Even though the theory is not easy to apply 
to unicellular algae, which have no capacity to sacrifice tissue as required by the ODT (Ianora et 
al. 2011), the assumption that defenses are costly i.e. that defenses can be produced at the direct 
expense of other functions such as growth and reproduction (Zangerl and Bazzaz 1992) is still an 
important underlying principle. 
The commonly-held hypothesis that Paralytic Shellfish Toxin (PST) production is an 
anti-grazing defense is supported by studies in which toxin production increases in the presence 
of grazers (Selander et al. 2006, Bergkvist et al. 2008, Van Donk et al. 2011, Senft-Batoh et al. 
2015a). If this hypothesis is correct, lower PST production should lead to higher susceptibility to 
grazing pressure. This hypothesis can be tested by a simultaneous comparison of the response to 
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grazing pressure among A. catenella strains that vary in their production of PST (Fig. 1). The net 
growth rate of the prey population is the balance between cell division rate and grazing mortality, 
and assumed to be a measure of Darwinian fitness. If cell division rate is constant, one expects to 
see a decrease in net growth rate as grazer concentration increases. The slopes of the lines 
represent susceptibilities to grazing; thus, the less steep the slope, the better the defense. The 
intercepts, in the absence of grazers, represent the constitutive cost of toxin production. Whether 
any of the three reaction norms is more or less advantageous depends on grazer density. If there 
is a strong cost to constitutive toxin production, the strain that produces less toxin has the 
advantage at low grazer density, but the strain with high toxin production will prevail at high 
grazer density.  
This simple conceptual model can be further developed to quantify the cost and benefit of 
defense (Simms and Rausher 1987, Simms 1992) (Fig. 2). Here, I use this model to frame 
experimental results. I used three strains of Alexandrium catenella that varied in their degree 
(low, moderate, and high) of toxin production. In addition, I used the gene expression analysis 
described in Chapter 3. This allowed me to examine costs and benefits of each toxin level.  
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Figure 1. Hypothetical outcome of experiment with strains of different toxin content. W is fitness 
in different environment. Considering low toxigenic Alexandrium catenella strain as an example, 
WL,A is the growth rate in grazer-free environment, and WL,P represents the net growth rate in the 
presence of grazer.    
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2. MATERIALS AND METHODS 
2.1. Sample collection and culture 
Because the committee of the International Code of Nomenclature designated 
Alexandrium tamarense complex Group I species as Alexandrium catenella (John et al. 2014, 
Fraga et al. 2015, Prud’homme van Reine 2017), the three Alexandrium strains from the east 
coast of North America were referred to as A. catenella. The A. catenella strain GTCN-16 (low 
toxigenic, isolated from Mumford Cove, Groton, CT), strain CB-370 (moderate toxigenic, ~20 
fmol cell-1, isolated from Casco Bay, Maine), and strain BF-5 (high toxigenic: ~30 fmol cell-1, 
isolated from Bay of Fundy, Canada) were grown in F/2 medium without silicate (Guillard 1975). 
Cultures were maintained in exponential growth phase and all experiments were conducted in an 
environmental chamber kept at 18°C, illuminated with fluorescent lighting (~100 µM m-2 s-1) set 
to a 12 hr:12 hr light:dark photoperiod. 
The calanoid copepod Acartia hudsonica was collected from Casco Bay, Maine, U.S.A. 
(43°39′N, 74°47′W), a location in which blooms of Alexandrium catenella are common. 
Triplicate cultures were maintained with a mixed diet of Thalassiosira weissflogii, Tetraselmis 
sp. and Rhodomonas sp., as described in Colin and Dam (2007). Copepods were cultured for at 
least three generations (~3 months) prior to experiments to remove maternal and environmental 
effects (Falconer and MacKay 1996). Animals (eggs to adults) in cultures were transferred 
monthly to new containers. Prior to assays, copepods were acclimatized to experimental 
conditions for 24 hr, and starved during that period to ensure complete gut evacuation (Dam and 
Peterson 1988). 
 
2.2. Susceptibility to grazing pressure 
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The three strains of Alexandrium catenella were placed in 500 ml bottles (200 cells ml-1) 
either in the absence (controls: constitutive toxin production) or with different grazing pressure 
(0, 10, 20, 40, and 80 ind. l-1) of adult female Acartia hudsonica for two days. Experiments were 
done in triplicate for controls and treatments, and carried out at 18°C in a walk-in environmental 
chamber. At the end of the assays, animals were gently removed by wet-sieving onto a 200 µm 
sieve. Two separate aliquots (240 ml) from each bottle of Alexandrium cells were filtered onto a 
5 µm pore size polycarbonate membranes, one for toxin analysis and another for RNA extraction. 
For the former, the filter was carefully washed off with 1 ml of 0.1 M acetic acid, and for the 
latter 1 ml of Trizol reagent. Filters were immediately frozen at -80 °C. An aliquot of 10 ml was 
also taken from each bottle for cell counts (500 µl, n=3) and was preserved in 0.5% acid Lugol’s 
solution made with filtered seawater. Cell sizes were measured using NIS-Elements AR 3.0 
software, Nikon.  
 
2.3. Toxin analysis 
Samples of Alexandrium catenella that had been preserved in 0.1 M acetic acid were 
thawed at room temperature and homogenized on a Fastprep-24 Tissue and Cell Homogenizer 
(MP Biomedicals, Solon, OH, USA) using Lysing Matrix C silica beads (~1 mm in diameter) at 
speed of 6 m/s for three 40 second cycles. Complete disruption of the cells was confirmed by 
microscopic examination. The cells were centrifuged again and the supernatant was filtered 
through 0.45 mm ultra-filtration centrifuge cartridges (Millipore, Billerica, MA). 
PST concentrations were determined by reverse-phase ion-pairing high performance 
liquid chromatography (HPLC) using the post-column oxidative fluorescence method described 
by Oshima et al. (1989; 1995). Samples were separated on an Alltech C8 column (150 mm x 4.6 
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mm) packed with 5 µm particles. The following mobile phases, delivered at a flow rate of 0.8 ml 
min-1, were used for separation of the different toxin groups: 1) 2 mM 1-heptanesulfonate in 10 
mM ammonium phosphate buffer (pH 7.1) for gonyautoxins 1, 2, 3 and 4 (GTX1-4); and 2) 2 
mM 1-heptanesulfonate in 30 mM ammonium phosphate buffer (pH 7.1): acetonitrile for 
saxitoxin (STX), neosaxitoxin (NEO), C1, and C2. The post-column derivatization system 
consisted of a peristaltic pump to deliver oxidant (7 mM periodic acid in 10 mM potassium 
phosphate buffer (pH 9.0) and acid (500 mM acetic acid) at 0.4 ml min-1 to the eluate. Post-
column reagents were sparged continuously with helium. Fluorescent PST derivatives were 
detected using an online Waters 474 fluorescence detector (excitation: 330 nm and emission: 390 
nm). Certified toxin standards from the National Research Council of Canada (Halifax) were 
used. The toxin concentration was calculated from HPLC chromatograms using software that 
recorded the chromatograms and integrated peak areas (Empower, Waters). The toxin 
concentrations were expressed as femto mole unit (fmol cell-1). 
 
2.4. Growth rates 
Cells of Alexandrium catenella preserved in Lugol’s solution were counted on an 
inverted microscope (Olympus IX70 Model). The net cell growth rate (µ) was calculated, 
assuming exponential growth, as: 𝜇 = K;,-.K;,/V1  (Eq. 4.1) 
In this equation N0 and Nt are, respectively, the cell concentration at the beginning and conclusion 
of each exposure time, and Δt is the elapsed during the experiment, expressed in days. 
 
2.5. RNA extraction and cDNA synthesis  
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Cells from the samples preserved in Trizol were thawed in ice and homogenized as 
described above. The tubes were then centrifuged at 10,000 x g for 1 min and the supernatant 
was transferred to a clean tube for subsequent RNA extraction. Total RNA was isolated as 
described previously (Lin et al. 2010) and quantified using a NanoDrop ND-1000 
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized 
from 180 to 280 ng of the total RNA using iScript™ cDNA Synthesis Kit (BioRad) and modified 
oligo dT (Zhang et al. 2007) and potential genomic DNA contaminant was removed by DNase in 
the process. The resultant first-strand cDNA was purified using Zymo DNA Clean and 
Concentrator (Zymo Research, Orange, CA, USA). 
 
2.6. Gene expression analysis 
Gene expression analysis was conducted using reverse transcription quantitative PCR 
(RT-qPCR). From previous studies several pairs of primers were designed and tested for 
specificity and PCR efficiency by RT-qPCR (Table 1, Chapter 3). The PCR products were 
purified using Zymo DNA Clean & Concentrator kit, and resultant DNA concentrations were 
measured using NanoDrop Spectrophotometry.  
All quantitative PCRs (qPCRs) were performed on a StepOnePlus™ real-time PCR 
system and run in 10 µl reactions with Fast SYBR® Green Master Mix with the amplification 
conditions. qPCR protocols included a start with a 10 min activation step at 95 °C, followed by 
45 cycle amplification comprising 15 s at 95 °C, 30 s at 60 °C, annealing temperature and 15 s at 
72 °C for extension followed by a melting curve analysis.  
RT-qPCR reactions were performed and the average expression level and standard 
deviation were calculated. The reaction mix contained 5 mL Supermix, 200 nM of forward and 
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reverse primers, and 4 mL of template, which was 1:20 diluted cDNA (equivalent to about 1.8–
2.8 ng of total RNA) for the experimental samples. Relative gene expression level of the sxtA 
was compared to the reference gene (lbpn) according to Pfaffl method corrected for efficiency of 
each primer set (Pfaffl 2001). 
 
2.7. Ecological cost and fitness benefit of anti-grazing defense 
To quantify the cost and benefit of Alexandrium catenella toxigenic defense against 
grazers, I used the equations of Simms and Rausher (1987). I illustrate the concept behind these 
equations in graphical representation (Fig. 2). The model considers a simple genetic system 
(resistant genotype versus susceptible genotype) and uses reaction norms to compare genotype 
fitness as a function of herbivore presence (H, which can be extended to a grazing gradient). The 
model purposefully assumes that toxin production is constitutive. In the absence of grazers, the 
difference between fitness of the low toxigenic (susceptible) and the high toxigenic (resistant) 
prey represents the ecological cost of toxin production (C). G is the reduction in fitness of the 
low toxigenic prey due to grazing, given by the difference in fitness when grazers are absent (WA) 
and present (WP), respectively. By similar reasoning, K is the reduction in fitness in the high 
toxigenic prey due to grazing. The benefit of toxin production to the high toxigenic prey is the 
difference between G and K.  These definitions are represented in equation form:  
C = WL,A - WH,A (Eq. 4.2). 
In Equation 3.1, C represents the fitness cost associated with constitutive defense. WL,A and WH,A 
are the net growth rates (representing fitness) of low and high toxigenic Alexandrium in the 
grazer-free environment, respectively.  
The reduction in fitness due to grazing (G) is:  
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 G = WL,A - WL,P  (Eq. 4.3),  
Where, WL,P  is the net growth rate of low toxigenic Alexandrium in the presence of grazers 
environment. The drop in fitness of the low toxigenic strain (susceptible genotype) in the 
presence of grazers, K is: 
 K = WH,A - WH,P  (Eq. 4.4). 
The fitness of the high toxigenic strain (resistant genotype) in the absence of grazers, WH,A, is 
reduced by WH,P, and can be expressed as (K), assuming that resistance is not perfectly effective. 
Theoretically the value of K will range from zero to G; zero occurs when defense is perfectly 
effective, and G is the upper limit of K, the point at which defense is ineffective. Finally, the 
benefit associated with defense (B) is defined as: 
B = G - C- K (Eq. 4.5), 
where 0 < B < G. Because of the fitness tax (tax), (see Chapter 3) of grazer-induced toxin 
production within K, Equation (4.5) can be substituted into the effect of tax, and yields  
B = G - C- (K – tax) (Eq. 4.6). 
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Figure 2. A graphical model of prey fitness differing in expression of defense as a function of 
grazing. The model was modified from Simms & Rauscher (1987) and Simms (1992). 
Calculations of model terms for two different genotypes (low and high toxigenic strains) in the 
absence/presence of grazer in terms of fitness. C = the ecological cost associated with defense 
between susceptible genotype and resistant genotype, G = the reduction of fitness due to grazing, 
B = the benefit of defense. 
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2.8. Statistical analysis 
One-way analysis of variance (ANOVA) was used to determine susceptibility in all three 
strains at different grazing pressure (0, 10, 20, 40, and 80 ind. l-1) for growth rate, cell size, PST 
content, and relative expression of genes related to PST production and growth (five independent 
replicates per test and three samples for PST analysis and transcript abundance). Post-hoc Tukey 
HSD of means compared parameters within groups. A two-way nested ANOVA was also 
performed to test the significance of the effects of strain (low, moderate, and high toxigenic), the 
number of grazers, and the interaction of these two variables (strain × grazing pressure) upon net 
growth rate of A. catenella strains. All analyses were performed using SigmaPlot version 11.0 
and SPSS version 23 software. 
 
3. RESULTS 
3.1. Toxin content 
The pattern of toxin content as a function of grazing pressure varied in the three 
Alexandrium catenella strains (Table 1; two-way ANOVA, F4,30=681, p<0.001). Low toxin 
content (4.6 fmol cell-1) was measured in the low toxigenic strain, but toxin content decreased by 
approximately 46% (2.1 fmol cell-1) and remained relatively constant in the presence of grazers 
(Fig. 3A; ANOVA, post-hoc Tukey HSD, p<0.001). Cellular toxin content in the moderate 
toxigenic strain decreased from ~20 fmol cell-1 in the absence of grazers to ~7-12 in the presence 
of grazers (Fig. 3B; ANOVA, post-hoc Tukey HSD, p<0.001). By contrast, toxin content in the 
high toxigenic strain increased with grazer density by up to 684% (215 fmol cell-1) compared to 
control cells (31 fmol cell-1) not exposed to grazers (Fig. 3C; ANOVA, Post-hoc Tukey HSD, 
p<0.001). The presence of grazers caused a reduction of cell size in the moderate toxigenic strain, 
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but not in the other two (Fig. 3D; ANOVA, Post-hoc Tukey HSD, p<0.001). When cell toxin 
content of the moderate toxigenic strain was scaled by cell volume, there was no significant 
difference between control and treatments (~20 fmol cell-1, Fig. 3E; ANOVA, Post-hoc Tukey 
HSD F4,10=0.731, p=0.591).    
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Figure 3. Cellular toxin content and cell size of the three Alexandrium catenella strains as a 
function of grazing pressure. Panels represent toxin content of low toxigenic strain (A), moderate 
toxigenic strain (B), high toxigenic strain (C), cell size of the three strains (D), and toxin content 
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of the moderate toxigenic strain scaled by cell volume (E). Letters above bars represent 
significant differences between mean values of groups compared to control and also among 
treatments (p<0.05; ANOVA, post-hoc Tukey HSD). Error bars represent ± 1 standard deviation 
of the mean (n=3). 
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Table 1. Two-way ANOVA results for cell toxin content during the experiment. Factors in the 
ANOVA are of Alexandrium catenella strains (three levels: low, moderate, and high constitutive 
cell toxin content), grazing pressure (five levels: 0, 10, 20, 40, and 80 ind. l-1) and the interaction 
of strain and grazing pressure. SS(III), type III sum of squares; df, degrees of freedom; MS, 
mean sum of squares for ANOVA; F, statistic for ANOVA test; p, significance of the ANOVA 
test; η2, partial eta squared. 
Cell	Toxin	Content	(fmol	cell-1)	
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2	
Strain	 292158	 2	 146079	 681	 0.001	 0.978	
Grazing	Pressure	(GP)	 24859	 4	 6215	 29	 0.001	 0.794	
Strain	×	GP	 60692	 8	 7587	 35	 0.001	 0.904	
Residual	 6437	 30	 215	
	 	 	Total	 571106	 45	
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3.2. Growth rate  
The net growth rate of A. catenella was a function of both strain and grazing pressure 
(Table 2; two-way ANOVA, F2,60=71.49, p<0.001, and F4,60=8.84, p<0.001). The interaction of 
strain and grazing pressure also had a significant effect upon net growth rate (Fig. 4; F8,60=6.22, 
p<0.001). The moderate toxigenic strain increased growth with grazing pressure (up to 10 
copepods l-1), and then leveled off (Fig. 4; r2=0.482, p=0.001, n=25). By contrast, net growth rate 
in the other two strains decreased with grazing pressure, with similar slopes (ANCOVA for 
difference of slope, p>0.05). Both of the strains were significantly more susceptible to grazing 
than the moderate toxigenic strain (Fig. 4). 
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Figure 4. Net growth rate versus grazing pressure of three strains of Alexandrium catenella. The 
lines represent fits from the shown regressions.  
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Table 2. Two-way ANOVA results for net growth rate during the experiment. Factors in the 
ANOVA are Alexandrium catenella strains (three levels: low, moderate, and high constitutive 
cell toxin content), grazing pressure (five levels: 0, 10, 20, 40, and 80 ind. l-1) and the interaction 
of strain and grazing pressure. SS(III), type III sum of squares; df, degrees of freedom; MS, 
mean sum of squares for ANOVA; F, statistic for ANOVA test; p, significance of the ANOVA 
test; η2, partial eta squared. 
Net	Growth	Rate	(d-1)		
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2	
Strain	 1.04	 2	 0.517	 71.5	 0.001	 0.70	
Grazing	Pressure	(GP)	 0.256	 4	 0.064	 8.84	 0.001	 0.37	
Strain	×	GP	 0.360	 8	 0.045	 6.22	 0.001	 0.45	
Residual	 0.434	 60	 0.007	
	 	 	Total	 3.99	 75	
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3.3. Gene expression analysis 
The relative gene expression of sxtA as a function of grazing pressure was strain-
dependent (Fig. 5). RGE of sxtA was independent of grazing pressure in the low and moderate 
toxigenic strains (Fig. 5A, B; ANOVA, F4,10=2.73, p= 0.09 and F4,10=0.554, p=0.701), but 
increased with grazing pressure in the high toxigenic strain (Fig. 5C; ANOVA, post-hoc Tukey 
HSD, p=0.012). Similarly, RGE of cyc was independent of grazing pressure in the low and 
moderate toxigenic strains (Fig. 6A-B; ANOVA, F4,10=0.123, p=0.971 and F4,10=2.43, p=0.117), 
but decreased with grazing pressure in the high toxigenic strain (Fig. 6C; post-hoc Tukey HSD, 
p=0.015).  
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Figure 5. Relative gene expression of STX gene (sxtA) versus grazing pressure for the low (A), 
moderate (B) and high (C) toxigenic strain. Letters above bars represent significant differences 
between mean values of groups compared to the control (no grazing) and also among treatments 
(p<0.05; ANOVA, post-hoc Tukey HSD). Error bars represent ± 1 standard deviation of the 
mean (n=3).  
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Table 3. Two-way ANOVA results for relative expression of STX-related gene (sxtA) and cell 
growth-related gene (cyc). Factors in the ANOVA are Alexandrium catenella strains (three levels: 
low, moderate, and high toxigenic), grazing pressure (five levels: 0, 10, 20, 40, and 80 ind. l-1) 
and the interaction of strain and grazing pressure. SS(III), type III sum of squares; df, degrees of 
freedom; MS, mean sum of squares for ANOVA; F, statistic for ANOVA test; p, significance of 
the ANOVA test; η2, partial eta squared. 
Relative	gene	expression	(sxtA)		
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Strain	 6.63	 2	 3.32	 16.1	 0.001	 0.52	
Grazing	Pressure	(GP)	 0.147	 4	 0.037	 0.179	 0.948	 0.02	
Strain	×	GP	 5.37	 8	 0.671	 3.26	 0.009	 0.47	
Residual	 6.18	 30	 0.206	
	 	 	Total	 55.1	 45	
	 	 	 	Relative	gene	expression	(cyc)		
Source	 SS(III)	 df	 Mean	Square	 F	 p	 η2 
Strain	 26.8	 2	 13.4	 11.0	 0.001	 0.42	
Grazing	Pressure	(GP)	 12.1	 4	 3.03	 2.49	 0.064	 0.25	
Strain	×	GP	 21.8	 8	 2.72	 2.24	 0.053	 0.37	
Residual	 36.5	 30	 1.22	
	 	 	Total	 187	 45	
	 	 	 	 
 
 
	 	
	
	
96 
 
Figure 6. Relative gene expression level of cell growth-related gene (cyc) versus grazing pressure 
in low (A), moderate (B) and high (C) toxigenic strains of Alexandrium catenella. Letters above 
bars represent significant differences between mean values of groups compared to control (no 
grazing) and among treatments (p<0.05; ANOVA, post-hoc Tukey HSD). Error bars represent ± 
1 standard deviation of the mean (n=3). 
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3.4 Ecological cost and fitness benefit of anti-grazing defense  
Fitness during the experiments is the net cell growth rate (Fig. 7 and Table 4). The 
ecological costs and benefits of toxin production are summarized in Table 5. If the hypothesis 
that there is a significant fitness tax to constitutive toxin production is correct, the low toxigenic 
strain would show a higher growth rate in the absence of grazers than the other two strains. This 
prediction was not met, because in the absence of grazer, the growth rate of the low toxigenic 
strain was lower than the high toxigenic strain. Thus, the ecological cost (C) associated with 
constitutive toxin production was negative (Table 5; CH: -0.09, ANOVA, F2,12=5.43, p=0.021). 
Losses related to grazing (G), the reduction of fitness due to grazer consumption, increased with 
copepod concentration (0.01 to 0.28). K values (inverse of fitness change with grazing pressure) 
differed with strains. Negative values mean a fitness gain (benefit) with grazing pressure. Thus, 
the moderate and high toxigenic strains derive a fitness benefit (B) relative to the low toxigenic 
strain. (Fig. 8B; r2=0.967, p=0.017, n=4). However, the calculation of benefit for the high 
toxigenic strain (Eq. 3.5) had to consider the fitness tax due to grazer-induced toxin production. 
(Fig. 8A-B; r2=0.847, p=085, n=4). 
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Figure 7. Graphical representation of the modification of the Simms and Rausher’s (1987) model, 
illustrated for the low and high toxigenic strains. 
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Table 4. Net growth rate of the three strains of Alexandrium catenella versus grazing pressure. 
		 		 Net	Growth	Rate	
Grazer	 Pressure	 Low	 Moderate	 High	
	
(ind.	l-1)	 Mean	 SD	 Mean	 SD	 Mean	 SD	
Absence	 0	 0.14	 0.04	 0.17	 0.05	 0.23	 0.04	
Presence	 10	 0.13	 0.09	 0.38	 0.04	 0.18	 0.04	
	
20	 0.07	 0.07	 0.37	 0.03	 0.12	 0.03	
	
40	 0.03	 0.09	 0.36	 0.11	 0.06	 0.03	
		 80	 -0.14	 0.07	 0.33	 0.07	 -0.03	 0.23	
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Figure 8. Net growth rate (A) and defense benefit (B) versus grazing pressure. The net growth 
rate is calculated based on the relevant components of fitness for each strain. In panel A, the 
effect of the fitness tax due to inducible toxin production on net growth rate is shown.  
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Table 5. Ecological cost and benefit of the three strains of Alexandrium catenella with grazing 
pressure. 
		 	Pressure	 Model	Component	
Grazer	 (ind.	l-1)	 Low	 Moderate	 High	
Absence	 0	 CL	 0	 CM	 0	 CH	 -0.09	
Presence	 10	 G10	 0.01	 BM10	 0.22	 BH10	 0.05	
	
20	 G20	 0.08	 BM20	 0.28	 BH20	 0.09	
	
40	 G40	 0.11	 BM40	 0.30	 BH40	 0.07	
		 80	 G80	 0.28	 BM80	 0.45	 BH80	 0.18	
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4. DISCUSSION  
I evaluated the fitness tax, ecological cost and benefit of anti-grazing defense in three 
strains of Alexandrium catenella, which differ in expression of constitutive PST production (low, 
moderate, and high PST level, respectively). Net growth rate, toxin content, cell size, and gene 
expression of sxtA and cyc were measured in response to grazing pressure, and the susceptibility 
of strains to grazing pressure was compared. Costs and benefits of defense were then estimated 
by a modification of previous conceptual models (Simms and Rausher 1987, Simms 1992).  
The main findings are that the high toxigenic strain grew faster in the absence of grazers, 
suggesting that the constitutive cost of toxin production is negligible, and that the strains differed 
in their susceptibility to grazing pressure (Fig. 4). Interestingly, the moderate toxigenic strain 
increased its net growth rate in response to grazing pressure, which indicates that this strain is 
compensated for grazing loss, and derived a fitness benefit in the presence of grazers. 
The low toxigenic strain in this study, which had been reported earlier as a non-toxigenic 
strain (GTCN-16), had measurable PST content, but grazers did not induce toxin production. 
Grazer induction of toxin production was not evident in the moderate toxigenic strain. Rather, 
grazers induced a significant reduction of cell size in this strain, but not in the others. Even when 
the change in cell size is accounted for, there is no evidence that cell toxin content varied with 
grazing pressure in this strain. Thus, there was no fitness tax associated with grazer-mediated 
toxin production in the low or the moderate toxigenic strains. By contrast, cell toxin content in 
the high toxigenic strain increased up to 684% in response to grazing pressure, leading to a 
fitness tax due to grazer-mediated toxin production.   
In the previous chapter, I have shown that investment in induction of the sxtA gene 
involved in the first step of STX biosynthesis and a reduction of cell growth-related gene (cyc) is 
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associated with the fitness tax for grazer-induced toxin production. The same method was 
applied here to separate the fitness tax from cell loss due to grazing. The levels of relative gene 
expression of sxtA increased significantly with grazing pressure in the high toxigenic strain, but 
not in the other two strains. This indicates that only the high toxigenic strain can be induced to 
produce PST as an anti-grazing defense, and that the other two strains have constitutive PST 
levels. The relative gene expression of cyc decreased significantly with grazing pressure in the 
high toxigenic strain, indicating the fitness tax due to inducible toxin production. There was no 
statistically-significant relationship of grazing pressure to the RGE of cyc in the other two strains. 
However, the four-fold increase in gene expression between absence versus presence copepods 
in the moderate toxigenic strain (Fig. 6) is consistent with a hypothesized increase in cell 
division rate, reflected both in the increase in net growth rate (Fig. 4) and the decrease in cell size 
(fig. 2) at those grazer concentrations.  
Application of the conceptual model of benefit and cost of defense revealed some 
interesting features. First, there appears to be little ecological cost to constitutive toxin 
production (Fig. 4 and Table 5). Second, the high toxigenic strain did not derive the highest 
fitness benefit in response to grazing pressure, which was shown by the moderate toxigenic 
strain (Fig. 8, Table 5). Thus, the results imply that: 1) inducible PST production is not always 
the best defense mechanism; 2) other defense mechanisms (increased cell division rate and 
decreased cell size) may be expressed in addition to the chemical defense; and 3) grazers could 
enhance blooms of moderate toxigenic strains of Alexandrium catenella. 
A limitation of the present study is that the test, albeit not by design, involved more than 
one defense trait among the strains. A better test would be a comparison of strains that express 
only one trait; e.g., constitutive toxin production only, or inducible toxin production. Here, it 
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became evident that a single strain may express more than one form of defense. There are, in 
addition, other forms of defense that could have been expressed but were not measured. For 
example, Alexandrium species have been known to produce allelopathic compounds that affect 
competing phototrophic phytoplankton species (Blanco and Campos 1988, Arzul et al. 1999). 
The allelochemicals released by Alexandrium caused lysis of natural and cultured algal cells, 
suggesting that the allelopathic effect may be connected with ichthyotoxic and haemolytic 
properties that may also affect grazers (Fistarol et al. 2004). Furthermore, bioluminescence 
occurs in 89% of screened Alexandrium species (Valiadi et al. 2012), which is also considered a 
defense mechanism (Buskey et al. 1983, Buskey and Swift 1985, Abrahams and Townsend 1993, 
Fleisher and Case 1995). Thus, if more than one defense trait is expressed, there may be multiple 
trade-offs that would need to be measured, and which would be environment dependent. 
Although all the effects of these defense mechanisms would be manifested in the measurement 
of G, we cannot be certain that they are manifested in all compared strains.   
Lastly, the positive fitness benefit with increasing grazing pressure, raises important 
implications for bloom dynamics and modeling predator-prey interactions. Traditionally, grazing 
is considered strictly as a fitness loss for phytoplankton (Cushing 1989, Legendre 1990, Kiørboe 
1993, Falkowski et al. 1998).  However, indirect positive effects of grazing on HAB 
development have been hypothesized (Mitra and Flynn 2006). In the present study the observed 
effect in the moderate toxigenic strain is direct, which implies that Alexandrium catenella can 
not only compensate for grazing losses, but increase its growth rate in response to grazing. 
Further study is required to assess the relative role of the two forms of  defense (increased cell 
division or decreased cell loss leading to decreased grazing rates) in determining the prey net 
growth rate.  
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Chapter 5 
Summary and Future work 
 
The marine dinoflagellate Alexandrium catenella, a prominent harmful algal bloom taxon, 
has developed a stunning array of behavioral, chemical, physiological, and structural defenses, 
both constitutive or inducible, that may reduce grazing mortality. Optimal defense theory posits 
that defenses are beneficial, yet costly, and the principle of allocation premises that not all 
biological functions can be simultaneously maximized. Thus, one should expect a trade-off 
between defense traits and other traits such as growth. Based on this theoretical foundation, this 
dissertation has shown a trade-off between defense (PST production) and growth rate and 
quantified a fitness tax (a reduction in growth rate), costs and benefits of the grazer-induced 
toxin production. 
Chapter 2 examined the response of toxin production and cell growth as a function of: 1) 
exposure to grazers during different growth phases; and 2) the interaction of previous grazer 
exposure and nutrient regime. Results indicated that grazer exposure appears to be a strong 
determinant of toxin production regardless of growth phase when cells were contemporaneously 
exposed directly or indirectly to grazers relative to control cells not exposed to grazers. The same 
effect was observed for cells that had been previously directly or indirectly exposed to grazers 
regardless of nutrient regime. In contrast, cells directly or indirectly exposed to grazers showed 
lower growth rates than unexposed cells, with little effect of growth phase or nutrient regime. 
Therefore, the results suggested a trade-off between grazer-induced toxin production and cell 
growth rate, and a strong controlling grazer effect, which is greater than nutrient effect.  
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Chapter 3 developed a molecular method for measurement of a fitness tax (direct cost). 
Surprisingly, the fitness tax due to toxin production has not been measured in phytoplankton. 
The reason is perhaps because of the difficulty of separating during experiments the decrease in 
cell division rate (the fitness tax) due to induced toxin production from the loss of cells due to 
grazing mortality in experiments. My approach was to use molecular markers of STX production 
and cell division. The latter term is theoretically independent of cell mortality rate due to grazing, 
which allows one to obtain the cell division rate in experiments with and without grazers. 
Support for the trade-off hypothesis requires up-regulation of STX production genes and down-
regulation of a bio marker for monitoring cell division in the presence of grazers. In time-
dependent experiments, both the actual toxin content measured by HPLC and the relative 
expression of STX genes were significantly increased in response to grazers, whereas both of 
these measurements remained unchanged in cells not exposed to grazers. Moreover, cell division 
rate calculated from the relative expression of the cell growth gene (cyc) was significantly lower 
in cells exposed to grazers than unexposed cells, confirming the trade-off between toxin 
production rate and cell division rate. The fitness tax was equivalent to a reduction of the cell 
division rate of 56%. Failure to account for the fitness tax led to an overestimation of cell loss by 
grazing of 32% during the experiment. This finding suggests that the fitness tax should be 
explicitly considered in population dynamic models of toxigenic prey.  
Chapter 4 tested, using an approach borrowed for higher plants (Simms and Rausher 
1987, Simms 1992) both costs and benefits of toxin production versus grazing pressure in the 
three Alexandrium catenella strains that differed in PST production (low, moderate, and high). 
PST production in the high toxigenic strain was only inducible in the presence of grazers, and 
this strain also grew faster in the absence of grazers, appearing to have a small cost to 
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constitutive toxin production. Both the moderate toxigenic and the high toxigenic strains showed 
defense benefits relative to the low toxigenic strain; however, the highest benefit was derived in 
the moderate toxigenic strain. Interestingly, the latter strain also showed a reduction in cell size, 
and an increase in cell division rate in response to grazers. The results imply that inducible PSP 
production is not always the best defense mechanism, and that other defense mechanisms 
(increased cell division rate and decreased cell size) may be expressed in addition to the 
chemical defense. The cost benefit analysis suggests that the fitness tax may provide a feedback 
mechanism that lessens blooms of the high toxigenic strain (inducible chemical defense). 
However, grazers could enhance blooms of moderate toxigenic strains (constitutive chemical 
defense) of Alexandrium catenella. Thus, understanding of anti-grazing defense, and A. catenella 
bloom dynamics will require looking at multiple defense mechanisms that affect both source 
(cell division rate) and loss (grazing rate).    
The results of this dissertation inspire the following future research directions:  
1) The conceptual model was to examine the costs and benefit of inducible toxin 
production. However, because two of the strains (low and moderate toxigenic) did not display 
inducible defense, future tests should be conducted with strains of Alexandrium catenella that 
display inducible defense and vary in their constitutive toxin production.  
2) If STX genes can be silenced in the high toxigenic strain, the fitness tax associated 
with toxin production can be more directly estimated. Thus, the growth rates of the mutant in the 
presence and absence of grazers (either specialist or generalist) may demonstrate the fitness tax 
and the results can be used to address functions of STX genes.   
3) Alexandrium catenella displays a multitude of defense traits such as PST production, 
bioluminescence, escaping, and ROS production, which suggests that trade-offs might occur 
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between different defense traits. The defense in response to grazers could be a skewed-
expression of a single/main defense trait or a co-expression of multiple defenses. Understanding 
these trade-offs is necessary for detecting the mechanisms by which prey express defense 
strategies against predators  
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Appendix 1. 
 
qPCR efficiency (10 (-1/slope)), R2 value (r2), and melting temperature (Tm: °C) of the 
investigated Alexandrium catenella strains.  
Strain	 Function	 Gene	 qPCR	efficiency	 R2	value	 Tm	
Chapter	3	
	 	 	 	 	BF-5	 Toxin	 sxtA	 1.959	 0.999	 85.5±0.22	
	 Toxin	 sxtA4	 1.974	 0.997	 81.2±0.20	
	 Toxin	 sxtG	 1.976	 0.991	 77.7±0.19	
	 Growth	 cyc	 1.705	 0.999	 85.2±0.30	
	 Reference	 lbpn	 1.850	 0.999	 82.3±0.17	
Chapter	4	 	 	 	 	 	
BF-5	 Toxin	 sxtA	 1.899	 0.997	 85.8±0.30	
	 Growth	 cyc	 1.752	 0.994	 85.3±0.31	
	 Reference	 lbpn	 2.008	 0.995	 82.7±0.24	
CB-370	 Toxin	 sxtA	 1.817	 0.998	 85.8±0.35	
	 Growth	 cyc	 1.659	 0.996	 85.3±0.25	
	 Reference	 lbpn	 1.978	 0.998	 75.6±0.21	
GTCN-16	 Toxin	 sxtA	 1.812	 0.997	 71.3±0.23	
	 Growth	 cyc	 1.750	 0.997	 85.5±0.48	
	 Reference	 lbpn	 2.350	 0.921	 82.2±0.21	
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Appendix 2. 
 
Relationship between fitness tax1 and tax2. Fitness tax1 was calculated by Equation 3.8. 
Fitness tax2 (t𝑎𝑥2 = 𝜇=3;183K(8<78<99X3;) − 𝜇18<I1J<;1(8<78<99X3;)) was derived from regression 
of cell growth rate versus relative gene expression of cell growth marker (Fig. 4A; 𝜇(8<78<99X3;)=-0.148+0.241X, where X is the value of relative expression of cyc and 𝜇(8<78<99X3;) 
represents growth rate in the absence of grazers). One outlier was detected by residual analysis 
(3-sigma rule) and removed from the data set. The red line is the regression fit (ANOVA, 
F1,21=114, p<0.001, Y=0.011+1.09X, n=23). The slope of this latter regression is not significantly 
different from one, and the intercept is not significantly different from zero. Thus, the two 
approaches provide the same estimate of fitness tax. 
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Appendix 3. 
 
Fitness tax2 (tax2) was evaluated by regression (Fig. 4A; 𝜇(8<78<99X3;)=-0.148+0.241X). 
Grazing rate (𝑔), mean cell concentration (Cm), and ingestion rate (I) calculated from Frost’s 
equations and this study (𝑔ʹ, Cmʹ, and Iʹ) during the grazing assay. A base line of 𝜇1I4Y was 
calculated from regression of tax2 (n=23) (Y=-0.020X2 +0.155X -0.268, where X is time). When 
X is zero, Y-intercept represents the base line of 𝜇1I4Y in the absence of grazers (-0.268*). µc' 
and	𝜇tax2' were recalculated by the base line for the percentage difference. For units see table 1. 
		 Time	(d)	 0.17	 0.33	 1	 2	 3	 4	
Cellcontrol	 Mean	 248	 244	 265	 298	 318	 394	
	
SD	 6	 11	 28	 44	 13	 51	
Celltreatment	 Mean	 240	 226	 222	 217	 214	 210	
	
SD	 12	 6	 12	 15	 6	 12	
µc	 Mean	 -0.062	 -0.078	 0.054	 0.083	 0.079	 0.112	
	
SD	 0.157	 0.134	 0.108	 0.070	 0.014	 0.034	
µt	 Mean	 -0.264	 -0.301	 -0.118	 -0.070	 -0.052	 -0.044	
	
SD	 0.297	 0.083	 0.054	 0.033	 0.010	 0.014	
cyc	c	 Mean	 0.362	 0.824	 0.954	 0.948	 0.673	 0.691	
	
SD	 0.204	 0.380	 0.187	 0.194	 0.231	 0.206	
cyc	t	 Mean	 0.300	 0.567	 0.603	 0.625	 0.437	 0.416	
		 SD	 0.053	 0.059	 0.102	 0.118	 0.056	 0.017	∆𝜇	 Eq.	3.5	 0.202	 0.222	 0.172	 0.154	 0.132	 0.156	
tax2	 Fig.	4A	 0.015	 0.062	 0.085	 0.078	 0.057	 0.066	𝜇tax2	 𝜇tax2=𝜇t+𝑡𝑎𝑥2	 -0.229	 -0.231	 -0.054	 -0.018	 -0.006	 0.018	
µc'	 µc'=µc-(-0.276*)	 0.206	 0.190	 0.322	 0.351	 0.347	 0.380	𝜇tax2'	 µtax2'=µtax2-(-0.276*)	 0.019	 0.029	 0.235	 0.275	 0.272	 0.290	
g	 Frost	(1972)	 0.202	 0.222	 0.172	 0.154	 0.132	 0.156	
g'	 Eq.	3.7	 0.187	 0.160	 0.087	 0.076	 0.075	 0.089	𝝁tax2'	vs.	𝝁c'	 %	 9	 15	 73	 78	 78	 76	
tax2	vs.	∆𝝁	 %	 7	 28	 49	 51	 43	 43	
Cm	 Frost	(1972)	 245	 238	 236	 233	 231	 229	
Cm'	 Eq.	3.10	 245	 240	 246	 252	 253	 263	
I	 Frost	(1972)	 1218	 1325	 1018	 900	 763	 894	
I'	 Eq.3.9	 1122	 960	 538	 480	 455	 569	
I'	vs.	I	 %	 8	 28	 47	 47	 40	 36	
 
	 	
	
	
112 
References 
 
Abrahams, M. V., & Townsend, L. D. (1993). Bioluminescence in dinoflagellates: A test of the 
burgular alarm hypothesis. Ecology, 74(1), 258-260. 
 
Agrawal, A. A. (2000). Benefits and costs of induced plant defense for Lepidium virginicum 
(Brassicaceae). Ecology, 81(7), 1804-1813. 
 
Anderson, D. M., Kulis, D. M., Sullivan, J. J., Hall, S., & Lee, C. (1990). Dynamics and 
physiology of saxitoxin production by the dinoflagellates Alexandrium spp. Marine Biology, 
104(3), 511-524. 
 
Anderson, D. M., Alpermann, T. J., Cembella, A. D., Collos, Y., Masseret, E., & Montresor, M. 
(2012). The globally distributed genus Alexandrium: multifaceted roles in marine ecosystems 
and impacts on human health. Harmful Algae, 14, 10-35. 
 
Arzul, G., Seguel, M., Guzman, L., & Erard-Le Denn, E. (1999). Comparison of allelopathic 
properties in three toxic Alexandrium species. Journal of Experimental Marine Biology and 
Ecology, 232(2), 285-295. 
 
Avery, D. E., & Dam, H. G. (2007). Newly discovered reproductive phenotypes of a marine 
copepod reveal the costs and advantages of resistance to a toxic dinoflagellate. Limnology and 
Oceanography, 52(5), 2099-2108. 
 
Barbier, M., Leighfield, T., Soyer-Gobillard, M. O., & Van Dolah, F. M. (2003). Permanent 
expression of a cyclin B homologue in the cell cycle of the dinoflagellate Karenia 
brevis. Journal of Eukaryotic Microbiology, 50(2), 123-131. 
 
Béchemin, C., Grzebyk, D., Hachame, F., Hummert, C., & Maestrini, S. Y. (1999). Effect of 
different nitrogen/phosphorus nutrient ratios on the toxin content in Alexandrium minutum. 
Aquatic Microbial Ecology, 20(2), 157-165.  
 
Berger, J., Swenson, J. E., & Persson, I. L. (2001). Recolonizing carnivores and naive prey: 
conservation lessons from Pleistocene extinctions. Science, 291(5506), 1036-1039. 
 
Bergkvist, J., Selander, E., & Pavia, H. (2008). Induction of toxin production in dinoflagellates: 
the grazer makes a difference. Oecologia, 156(1), 147-154. 
 
Bertomeu, T., & Morse, D. (2004). Isolation of a dinoflagellate mitotic cyclin by functional 
complementation in yeast. Biochemical and Biophysical Research Communications, 323(4), 
1172-1183. 
 
Blanco, J., & Campos, M. J. (1988). The effect of water conditioned by a PSP-producing 
dinoflagellate on the growth of four algal species used as food for invertebrates. Aquaculture, 
68(4), 289-298. 
 
 
	 	
	
	
113 
Blumstein, D. T., Bitton, A., & DaVeiga, J. (2006). How does the presence of predators 
influence the persistence of antipredator behavior? Journal of Theoretical Biology, 239(4), 460-
468. 
 
Boczar, B. A., Beitler, M. K., Liston, J., Sullivan, J. J., & Cattolico, R. A. (1988). Paralytic 
shellfish toxins in Protogonyaulax tamarensis and Protogonyaulax catenella in axenic 
culture. Plant Physiology, 88(4), 1285-1290. 
 
Boyer, G. L., Sullivan, J. J., Andersen, R. J., Harrison, P. J., & Taylor, F. J. R. (1987). Effects of 
nutrient limitation on toxin production and composition in the marine dinoflagellate 
Protogonyaulax tamarensis. Marine Biology, 96(1), 123-128.  
 
Bricelj, V. M., Connell, L., Konoki, K., MacQuarrie, S. P., Scheuer, T., Catterall, W. A., & 
Trainer, V. L. (2005). Sodium channel mutation leading to saxitoxin resistance in clams 
increases risk of PSP. Nature, 434(7034), 763. 
 
Brönmark, C., Lakowitz, T., Nilsson, P. A., Ahlgren, J., Lennartsdotter, C., & Hollander, J. 
(2012). Costs of inducible defence along a resource gradient. PLoS ONE, 7(1), e30467. 
https://doi.org/10.1371/journal.pone.0030467 
 
Burkepile, D. E., & Hay, M. E. (2006). Herbivore vs. nutrient control of marine primary 
producers: Context‐dependent effects. Ecology, 87(12), 3128-3139. 
 
Buskey, E., Mills, L., & Swift, E. (1983). The effects of dinoflagellate bioluminescence on the 
swimming behavior of a marine copepod. Limnology and Oceanography, 28(3), 575-579. 
 
Buskey, E. J., & Swift, E. (1985). Behavioral responses of the coastal copepod Acartia 
hudsonica (Pinhey) to simulated dinoflagellate bioluminescence. Journal of Experimental 
Marine Biology and Ecology, 72(1), 43-58. 
 
Cembella, A. D. (2003). Chemical ecology of eukaryotic microalgae in marine 
ecosystems. Phycologia, 42(4), 420-447. 
 
Cembella, A., & John, U. (2006). Molecular physiology of toxin production and growth 
regulation in harmful algae. In E. Granéli, & J. T. Turner (Eds.), Ecology of Harmful Algae (pp. 
215-227). Berlin, Heidelberg, Springer. 
 
Cho, Y., Hiramatsu, K., Ogawa, M., Omura, T., Ishimaru, T., & Oshima, Y. (2008). Non-toxic 
and toxic subclones obtained from a toxic clonal culture of Alexandrium tamarense 
(Dinophyceae): toxicity and molecular biological feature. Harmful Algae, 7(6), 740-751. 
 
Cody, M. L. (1966). A general theory of clutch size. Evolution, 20(2), 174-184. 
 
Colin, S. P., & Dam, H. G. (2002). Latitudinal differentiation in the effects of the toxic 
dinoflagellate Alexandrium spp. on the feeding and reproduction of populations of the copepod 
Acartia hudsonica. Harmful Algae, 1(1), 113-125.  
 
	 	
	
	
114 
 
Colin, S. P., & Dam, H. G. (2005). Testing for resistance of pelagic marine copepods to a toxic 
dinoflagellate. Evolutionary Ecology, 18(4), 355-377.  
 
Colin, S. P., & Dam, H. G. (2007). Comparison of the functional and numerical responses of 
resistant versus non-resistant populations of the copepod Acartia hudsonica fed the toxic 
dinoflagellate Alexandrium tamarense. Harmful Algae, 6(6), 875-882. 
 
Cushing, D. H. (1989). A difference in structure between ecosystems in strongly stratified waters 
and in those that are only weakly stratified. Journal of Plankton Research, 11(1), 1-13. 
 
Cusick, K. D., & Sayler, G. S. (2013). An overview on the marine neurotoxin, saxitoxin: 
Genetics, molecular targets, methods of detection and ecological functions. Marine Drugs, 11(4), 
991-1018. 
 
Cyr, H., & Pace, M. L. (1993). Magnitude and patterns of herbivory in aquatic and terrestrial 
ecosystems. Nature, 361(6408), 148-150. 
 
Dam, H. G., & Peterson, W. T. (1988). The effect of temperature on the gut clearance rate 
constant of planktonic copepods. Journal of Experimental Marine Biology and Ecology, 123(1), 
1-14. 
 
Dam, H. G., & Haley, S. T. (2011). Comparative dynamics of paralytic shellfish toxins (PST) in 
a tolerant and susceptible population of the copepod Acartia hudsonica. Harmful Algae, 10(3), 
245-253. 
 
Dam, H. G. (2013). Evolutionary adaptation of marine zooplankton to global change. Annual 
Review of Marine Science, 5, 349-370. 
 
DeMott, W. R., & Moxter, F. (1991). Foraging cyanobacteria by copepods: responses to 
chemical defense and resource abundance. Ecology, 72(5), 1820-1834. 
 
DeMott, W. R., & Tessier, A. J. (2002). Stoichiometric constraints vs. algal defenses: testing 
mechanisms of zooplankton food limitation. Ecology, 83(12), 3426-3433. 
 
Diamond, J. M. (1990). Biological effects of ghosts. Nature, 345(6278), 769. 
 
Dutz, J. (1998). Repression of fecundity in the neritic copepod Acartia clausi exposed to the 
toxic dinoflagellate Alexandrium lusitanicum: relationship between feeding and egg 
production. Marine Ecology Progress Series, 175, 97-107. 
 
Esaias, W. E., & Curl, H. C. (1972). Effect of dinoflagellate bioluminescence on copepod 
ingestion rates. Limnology and Oceanography, 17(6), 901-906. 
 
 
	 	
	
	
115 
Eschbach, E., John, U., Reckermann, M., Cembella, A. D., Edvardsen, B., & Medlin, L. K. 
(2005). Cell cycle dependent expression of toxicity by the ichthyotoxic prymnesiophyte 
Chrysochromulina polylepis. Aquatic Microbial Ecology, 39(1), 85-95. 
 
Etheridge, S. M., & Roesler, C. S. (2005). Effects of temperature, irradiance, and salinity on 
photosynthesis, growth rates, total toxicity, and toxin composition for Alexandrium fundyense 
isolates from the Gulf of Maine and Bay of Fundy. Deep Sea Research Part II: Topical Studies 
in Oceanography, 52(19-21), 2491-2500. 
 
Falconer, D. S., & Mackay, T. F. C. (1996). Introduction to quantitative genetics (pp. 82-86). 
Harlow, Longman. 
 
Falkowski, P. G. (1994). The role of phytoplankton photosynthesis in global biogeochemical 
cycles. Photosynthesis Research, 39(3), 235-258. 
 
Falkowski, P. G., Barber, R. T., & Smetacek, V. (1998). Biogeochemical controls and feedbacks 
on ocean primary production. Science, 281(5374), 200-206. 
 
Field, C. B., Behrenfeld, M. J., Randerson, J. T., & Falkowski, P. (1998). Primary production of 
the biosphere: integrating terrestrial and oceanic components. Science, 281(5374), 237-240. 
 
Fistarol, G. O., Legrand, C., Selander, E., Hummert, C., Stolte, W., & Granéli, E. (2004). 
Allelopathy in Alexandrium spp.: effect on a natural plankton community and on algal 
monocultures. Aquatic Microbial Ecology, 35(1), 45-56. 
 
Fleisher, K. J., & Case, J. F. (1995). Cephalopod predation facilitated by dinoflagellate 
luminescence. The Biological Bulletin, 189(3), 263-271. 
 
Flores, H. S., Wikfors, G. H., & Dam, H. G. (2012). Reactive oxygen species are linked to the 
toxicity of the dinoflagellate Alexandrium spp. to protists. Aquatic Microbial Ecology, 66(2), 
199-209. 
 
Flores‐Moya, A., Rouco, M., García‐Sánchez, M. J., García‐Balboa, C., González, R., Costas, E., 
& López‐Rodas, V. (2012). Effects of adaptation, chance, and history on the evolution of the 
toxic dinoflagellate Alexandrium minutum under selection of increased temperature and 
acidification. Ecology and Evolution, 2(6), 1251-1259. 
 
Fraga, S., Sampedro, N., Larsen, J., Moestrup, Ø., & Calado, A. J. (2015). Arguments against the 
proposal 2302 by John & al. to reject the name Gonyaulax catenella (Alexandrium catenella). 
Taxon, 64(3), 634-635. 
 
Frangópulos, M., Guisande, C., Maneiro, I., Riveiro, I., & Franco, J. (2000). Short-term and 
long-term effects of the toxic dinoflagellate Alexandrium minutum on the copepod Acartia 
clausi. Marine Ecology Progress Series, 203, 161-169. 
 
 
	 	
	
	
116 
Frangópulos, M., Guisande, C., & Maneiro, I. (2004). Toxin production and competitive abilities 
under phosphorus limitation of Alexandrium species. Harmful Algae, 3(2), 131-139. 
 
Freeman, B. C., & Beattie, G. A. (2008). An overview of plant defenses against pathogens and 
herbivores. The Plant Health Instructor. DOI: 10.1094. PHI-I-2008-0226-01. 
 
Frost, B. W. (1972). Effects of size and concentration of food particles on the feeding behavior 
of the marine planktonic copepod Calanus pacificus. Limnology and Oceanography, 17(6), 805-
815. 
 
Granéli, E., Johansson, N., & Panosso, R. (1998). Cellular toxin contents in relation to nutrient 
conditions for different groups of phycotoxins. In B. Reguera, J. Blanco, M. L. Fernandez, & T. 
Wyatt (Eds.), Harmful algae (pp. 321–324). Grafisant, Santiago de Compostela, Spain, Xunta de 
Galicia and IOC-UNESCO.  
 
Granéli, E. and Flynn, K. (2006). Chemical and physical factors influencing toxin content. In E. 
Granéli, & J. T. Turner (Eds.), Ecology of Harmful Algae (pp. 229-241). Berlin, Heidelberg, 
Springer. 
 
Grzebyk, D., Béchemin, C., Ward, C. J., Vérité, C., Codd, G. A., & Maestrini, S. Y. (2003). 
Effects of salinity and two coastal waters on the growth and toxin content of the dinoflagellate 
Alexandrium minutum. Journal of Plankton Research, 25(10), 1185-1199. 
 
Guillard, R.R. (1975). Culture of phytoplankton for feeding marine invertebrates. In W. L. Smith, 
& M. H. Chanley (Eds.), Culture of Marine Invertebrate Animals (pp. 29-80). New York and 
London, Plenum Press. 
 
Guisande, C., Frangópulos, M., Maneiro, I., Vergara, A. R., & Riveiro, I. (2002). Ecological 
advantages of toxin production by the dinoflagellate Alexandrium minutum under phosphorus 
limitation. Marine Ecology Progress Series, 225, 169-176.  
 
Hansen, P. J. (1989). The red tide dinoflagellate Alexandrium tamarense: effects on behaviour 
and growth of a tintinnid ciliate. Marine Ecology Progress Series, 105-116. 
 
Hansen, P. J., Cembella, A. D., & Moestrup, Ø. (1992). The marine dinoflagellate Alexandrium 
ostenfeldii: paralytic shellfish toxin concentration, composition, and toxicity to a tintinnid 
ciliate. Journal of Phycology, 28(5), 597-603. 
 
Hackett, J. D., Wisecaver, J. H., Brosnahan, M. L., Kulis, D. M., Anderson, D. M., Bhattacharya, 
D., & Erdner, D. L. (2013). Evolution of saxitoxin synthesis in cyanobacteria and dinoflagellates. 
Molecular Biology and Evolution, 30(1), 70-78. 
 
Hartl, D. L. (1981) A Primer of Population Genetics. Sunderland, Mass, Sinauer Associates. 
 
 
	 	
	
	
117 
Hardison, D. R., Sunda, W. G., Shea, D., & Litaker, R. W. (2013). Increased toxicity of Karenia 
brevis during phosphate limited growth: ecological and evolutionary implications. PLoS 
ONE, 8(3), e58545. https://doi.org/10.1371/journal.pone.0058545 
 
Hattenrath‐Lehmann, T. K., & others. (2015). The effects of elevated CO2 on the growth and 
toxicity of field populations and cultures of the saxitoxin‐producing dinoflagellate, Alexandrium 
fundyense. Limnology and Oceanography, 60(1), 198-214. 
 
He, R., McGillicuddy, D. J., Keafer, B. A., & Anderson, D. M. (2008). Historic 2005 toxic 
bloom of Alexandrium fundyense in the western Gulf of Maine: 2. Coupled biophysical 
numerical modeling. Journal of Geophysical Research, 113, C07040. 
https://doi.org/10.1029/2007JC004602 
 
He, H., Chen, F., Li, H., Xiang, W., Li, Y., & Jiang, Y. (2010). Effect of iron on growth, 
biochemical composition and paralytic shellfish poisoning toxins production of Alexandrium 
tamarense. Harmful Algae, 9(1), 98-104. 
 
Herms, D. A., & Mattson, W. J. (1992). The dilemma of plants: to grow or defend. Quarterly 
Review of Biology, 67(3), 283-335.  
 
Hou, Y., & Lin, S. (2009). Distinct gene number-genome size relationships for eukaryotes and 
non-eukaryotes: gene content estimation for dinoflagellate genomes. PLoS ONE, 4(9), e6978. 
https://doi.org/10.1371/journal.pone.0006978 
 
Ianora, A., Bentley, M. G., Caldwell, G. S., Casotti, R., Cembella, A. D., Engström-Öst, J., & 
Vaiciute, D. (2011). The relevance of marine chemical ecology to plankton and ecosystem 
function: An emerging field. Marine Drugs, 9(9), 1625-1648. 
 
Jang, M. H., Ha, K., Joo, G. J., & Takamura, N. (2003). Toxin production of cyanobacteria is 
increased by exposure to zooplankton. Freshwater Biology, 48(9), 1540-1550. 
 
Janzen, D.H. (1981). Evolutionary physiology of personal defence. In C. R. Townsend, & P. 
Calow (Eds.), Physiological ecology: an evolutionary approach to resource use (pp. 145-164). 
Sunderland, Mass, Sinauer Associates. 
 
John, U., Litaker, R. W., Montresor, M., Murray, S., Brosnahan, M. L., & Anderson, D. M. 
(2014). Formal revision of the Alexandrium tamarense species complex (Dinophyceae) 
taxonomy: the introduction of five species with emphasis on molecular-based (rDNA) 
classification. Protist, 165(6), 779-804. 
 
Karban, R., Agrawal, A. A., & Mangel, M. (1997). The benefits of induced defenses against 
herbivores. Ecology, 78(5), 1351-1355. 
 
Karban, R., & Baldwin, I.T. (1997). Induced responses to herbivory. Chicago, University of 
Chicago Press. 
 
 
	 	
	
	
118 
Karban, R. (2011). The ecology and evolution of induced resistance against 
herbivores. Functional Ecology, 25(2), 339-347. 
 
Kellmann, R., Mihali, T. K., Jeon, Y. J., Pickford, R., Pomati, F., & Neilan, B. A. (2008). 
Biosynthetic intermediate analysis and functional homology reveal a saxitoxin gene cluster in 
cyanobacteria. Applied and Environmental Microbiology, 74(13), 4044-4053. 
 
Kiørboe, T. (1993). Turbulence, phytoplankton cell size, and the structure of pelagic food webs. 
Advances in Marine Biology, 29, 1–72. 
 
Koricheva, J., 2002. Meta-analysis of sources of variation in fitness costs of plant antiherbivore 
defenses. Ecology, 83(1), 176-190. 
 
Korpinen, S., Jormalainen, V., & Honkanen, T. (2007). Effects of nutrients, herbivory, and depth 
on the macroalgal community in the rocky sublittoral. Ecology, 88(4), 839-852. 
 
Landsberg, J. H. (2002). The effects of harmful algal blooms on aquatic organisms. Reviews in 
Fisheries Science, 10(2), 113-390. 
 
Lass, S., & Spaak, P. (2003). Temperature effects on chemical signalling in a predator–prey 
system. Freshwater Biology, 48(4), 669-677. 
 
Legendre, L. (1990). The significance of microalgal blooms for fisheries and for the export of 
particulate organic carbon in oceans. Journal of Plankton Research, 12(4), 681-699. 
 
Lehane, L. (2001). Paralytic shellfish poisoning: a potential public health problem. The Medical 
Journal of Australia, 175(1), 29-31. 
 
Lim, P. T., Leaw, C. P., Usup, G., Kobiyama, A., Koike, K., & Ogata, T. (2006). Effects of light 
and temperature on growth, nitrate uptake, and toxin production of two tropical dinoflagellates: 
Alexandrium tamiyavanichii and Alexandrium minutum (Dinophyceae) 1. Journal of Phycology, 
42(4), 786-799. 
 
Lim, P. T., Leaw, C. P., Kobiyama, A., & Ogata, T. (2010). Growth and toxin production of 
tropical Alexandrium minutum Halim (Dinophyceae) under various nitrogen to phosphorus ratios. 
Journal of Applied Phycology, 22(2), 203-210.  
 
Lim, P. T., Leaw, C. P., Sato, S., Van Thuoc, C., Kobiyama, A., & Ogata, T. (2011). Effect of 
salinity on growth and toxin production of Alexandrium minutum isolated from a shrimp culture 
pond in northern Vietnam. Journal of Applied Phycology, 23(5), 857-864. 
 
Lin, S., & Carpenter, E. J. (1999). A PSTTLRE-form of cdc2-like gene in the marine microalga 
Dunaliella tertiolecta. Gene, 239(1), 39-48. 
 
 
	 	
	
	
119 
Lin, S., Zhang, H., Zhuang, Y., Tran, B., & Gill, J. (2010). Spliced leader–based 
metatranscriptomic analyses lead to recognition of hidden genomic features in 
dinoflagellates. Proceedings of the National Academy of Sciences, 107(46), 20033-20038. 
 
Llewellyn, L. E. (2006). Saxitoxin, a toxic marine natural product that targets a multitude of 
receptors. Natural Product Reports, 23(2), 200-222. 
 
Long, J. D., Smalley, G. W., Barsby, T., Anderson, J. T., & Hay, M. E. (2007). Chemical cues 
induce consumer-specific defenses in a bloom-forming marine phytoplankton. Proceedings of 
the National Academy of Sciences, 104(25), 10512-10517.  
 
Lürling, M., & Van Donk, E. (1996). Zooplankton-induced unicell-colony transformation in 
Scenedesmus acutus and its effect on growth of herbivore Daphnia. Oecologia, 108(3), 432-437. 
 
Lürling, M., & Van Donk, E. (2000). Grazer‐induced colony formation in Scenedesmus: are there 
costs to being colonial? Oikos, 88(1), 111-118. 
 
Martins, C. A., Kulis, D., Franca, S., & Anderson, D. M. (2004). The loss of PSP toxin 
production in a formerly toxic Alexandrium lusitanicum clone. Toxicon, 43(2), 195-205. 
 
Maynard-Smith, J. (1989). Evolutionary Genetics. Oxford University Press.    
 
McKey D. (1974). Adaptive patterns in alkaloid physiology. American Naturalist 108:305–320. 
 
McKey D. (1979). The distribution of secondary compounds within plants. In G. A. Rosenthal, 
& D. H. Janzen (Eds.), Herbivores: Their Interactions with Secondary Plant Metabolites (pp. 
55–133). New York, Academic Press.  
 
Mitra, A., & Flynn, K. J. (2006). Promotion of harmful algal blooms by zooplankton predatory 
activity. Biology Letters, 2(2), 194-197. 
 
Murray, S.A., Wiese, M., Stüken, A., Brett, S., Kellmann, R., Hallegraeff, G., & Neilan, B. 
(2011). sxtA-based quantitative molecular assay to identify saxitoxin-producing harmful algal 
blooms in marine waters. Applied and Environmental Microbiology, 77, 7050-7057.  
 
Navarro, J. M., Munoz, M. G., & Contreras, A. M. (2006). Temperature as a factor regulating 
growth and toxin content in the dinoflagellate Alexandrium catenella. Harmful Algae, 5(6), 762-
769. 
 
Neill, W. E. (1990). Induced vertical migration in copepods as a defence against invertebrate 
predation. Nature, 345(6275), 524. 
 
Ogata, T., Ishimaru, T., & Kodama, M. (1987). Effect of water temperature and light intensity on 
growth rate and toxicity change in Protogonyaulax tamarensis. Marine Biology, 95(2), 217-220. 
 
 
	 	
	
	
120 
Orr, R. J., Stüken, A., Murray, S. A., & Jakobsen, K. S. (2013). Evolutionary acquisition and loss 
of saxitoxin biosynthesis in dinoflagellates: The second “Core” gene, sxtG. Applied and 
Environmental Microbiology, 79, 2128-2136. 
 
Oshima, Y., Sugino, K., & Yasumoto, T. (1989). Latest advances in HPLC analysis of paralytic 
shellfish toxins. In S. Natori, K. Hashimoto, & Y. Ueno (Eds.), Mycotoxins and Phycotoxins ’88 
(pp. 319-326). Amsterdam, Elsevier. 
 
Oshima, Y. (1995). Post-column derivatization HPLC methods for paralytic shellfish poisons. In 
G. M. Hallegraeff, D. M. Anderson, A. D. Cembella, & H. O. Enevoldsen (Eds.), Manual on 
Harmful Marine Microalgae (pp. 81-94). IOC manuals and guides No. 33, UNESCO. 
 
Pančić, M., & Kiørboe, T. (2018). Phytoplankton defence mechanisms: traits and trade‐offs. 
Biological Reviews, 93(2), 1269-1303. 
 
Parkhill, J. P., & Cembella, A. D. (1999). Effects of salinity, light and inorganic nitrogen on 
growth and toxigenicity of the marine dinoflagellate Alexandrium tamarense from northeastern 
Canada. Journal of Plankton Research, 21(5), 939-955. 
 
Pavia, H., & Toth, G. B. (2008). Macroalgal models in testing and extending defense theories. In 
C. D. Amsler (Ed.) Algal Chemical Ecology (pp.147-172). Berlin Heidelberg, Springer. 
 
Peckarsky, B. L., & Penton, M. A. (1988). Why do Ephemerella nymphs scorpion posture: a 
ghost of predation past? Oikos, 53(2), 185-193. 
 
Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT–
PCR. Nucleic Acids Research, 29(9), e45. 
 
Prud'homme, V. R., & Willem, F. (2017). Report of the Nomenclature Committee for Algae: 16–
On proposals to amend the Code. Taxon, 66(1), 197-198. 
 
Relyea, R. A. (2002). Costs of phenotypic plasticity. The American Naturalist, 159(3), 272-282. 
 
Rhoades, D F. (1979). Evolution of plant chemical defense against herbivores. In G. A. 
Rosenthal, & D. H. Janzen (Eds.), Herbivores: Their Interactions with Secondary Plant 
Metabolites (pp. 1–55). New York, Academic Press.  
 
Ricklefs, R. E., & Relyea, R. (2013). Ecology: The economy of nature. New York, W.H. 
Freeman and Company. 
 
Sagers, C. L., & Coley, P. D. (1995). Benefits and costs of defense in a neotropical 
shrub. Ecology, 76(6), 1835-1843. 
 
Schantz, E. J., Ghazarossian, V. E., Schnoes, H. K., Strong, F. M., Springer, J. P., Pezzanite, J. 
O., & Clardy, J. (1957). Structure of saxitoxin. Journal of the American Chemical Society, 97(5), 
1238-1239. 
 
	 	
	
	
121 
 
Selander, E., Thor, P., Toth, G., & Pavia, H. (2006). Copepods induce paralytic shellfish toxin 
production in marine dinoflagellates. Proceedings of the Royal Society of London B: Biological 
Sciences, 273(1594), 1673-1680. 
 
Selander, E., Cervin, G., & Pavia, H. (2008). Effects of nitrate and phosphate on grazer-induced 
toxin production in Alexandrium minutum. Limnology and Oceanography, 53(2), 523-530. 
 
Selander, E., Jakobsen, H. H., Lombard, F., & Kiørboe, T. (2011). Grazer cues induce stealth 
behavior in marine dinoflagellates. Proceedings of the National Academy of Sciences, 108(10), 
4030-4034. 
 
Senft-Batoh C.D., 2012. Grazer-induced toxin production in the Dinoflagellate Alexandrium 
fundyense: Cues, mechanisms, and cost. Ph.D. dissertation, University of Connecticut. 
 
Senft-Batoh, C. D., Dam, H. G., Shumway, S. E., Wikfors, G. H., & Schlichting, C. D. (2015a). 
Influence of predator–prey evolutionary history, chemical alarm-cues, and feeding selection on 
induction of toxin production in a marine dinoflagellate. Limnology and Oceanography, 60(1), 
318-328.  
 
Senft-Batoh, C. D., Dam, H. G., Shumway, S. E., & Wikfors, G. H. (2015b). A multi-phylum 
study of grazer-induced paralytic shellfish toxin production in the dinoflagellate Alexandrium 
fundyense: A new perspective on control of algal toxicity. Harmful Algae, 44, 20-31. 
 
Shimizu, Y. (1993). Microalgal metabolites. Chemical Reviews, 93(5), 1685-1698. 
 
Shumway, S. E. (1990). A review of the effects of algal blooms on shellfish and 
aquaculture. Journal of the World Aquaculture Society, 21(2), 65-104. 
 
Simms, E. L. (1992). Costs of plant resistance to herbivory. In R. S. Fritz, & E. L. Simms 
(Eds.), Plant resistance to herbivores and pathogens: ecology, evolution, and genetics (pp. 392–
425). Chicago, The University of Chicago Press. 
 
Simms, E. L., & Rausher, M. D. (1987). Costs and benefits of plant resistance to herbivory. The 
American Naturalist, 130(4), 570-581.  
 
Smayda, T. J. (1997). What is a bloom? A commentary. Limnology and Oceanography, 42, 
1132-1136. 
 
Smetacek, V. (2001). A watery arms race. Nature, 411(6839), 745-745. 
 
Sommer, H., & Meyer, K. F. (1937). Paralytic Shell-Fish Poisoning. Arch. Pathol., 24, 560-98. 
 
Sopanen, S., Setälä, O., Piiparinen, J., Erler, K., & Kremp, A. (2011). The toxic dinoflagellate 
Alexandrium ostenfeldii promotes incapacitation of the calanoid copepods Eurytemora affinis 
 
	 	
	
	
122 
and Acartia bifilosa from the northern Baltic Sea. Journal of Plankton Research, 33(10), 1564-
1573. 
 
Stamp, N. (2003). Out of the quagmire of plant defense hypotheses. The Quarterly Review of 
Biology, 78(1), 23-55. 
 
Stock, C. A., McGillicuddy Jr, D. J., Solow, A. R., & Anderson, D. M. (2005). Evaluating 
hypotheses for the initiation and development of Alexandrium fundyense blooms in the western 
Gulf of Maine using a coupled physical–biological model. Deep Sea Research Part II: Topical 
Studies in Oceanography, 52(19-21), 2715-2744. 
 
Stock, C. A., McGillicuddy Jr, D. J., Anderson, D. M., Solow, A. R., & Signell, R. P. (2007). 
Blooms of the toxic dinoflagellate Alexandrium fundyense in the western Gulf of Maine in 1993 
and 1994: A comparative modeling study. Continental Shelf Research, 27(19), 2486-2512. 
 
Stolte, W., & Garcés, E. (2006). Ecological aspects of harmful algal in situ population growth 
rates. In E. Granéli, & J. T. Turner (Eds.), Ecology of Harmful Algae (pp. 215-227). Berlin, 
Heidelberg, Springer. 
 
Strauss, S. Y., Rudgers, J. A., Lau, J. A., & Irwin, R. E. (2002). Direct and ecological costs of 
resistance to herbivory. Trends in Ecology & Evolution, 17(6), 278-285. 
 
Stüken, A., Orr, R. J., Kellmann, R., Murray, S. A., Neilan, B. A., & Jakobsen, K. S. (2011). 
Discovery of nuclear-encoded genes for the neurotoxin saxitoxin in dinoflagellates. PLoS ONE, 
6(5), e20096. https://doi.org/10.1371/journal.pone.0020096 
 
Stüken, A., Dittami, S. M., Eikrem, W., McNamee, S., Campbell, K., Jakobsen, K. S., & 
Edvardsen, B. (2013). Novel hydrolysis-probe based qPCR assay to detect saxitoxin transcripts 
of dinoflagellates in environmental samples. Harmful Algae, 28, 108– 117.  
 
Stüken, A., Riobó, P., Franco, J., Jakobsen, K. S., Guillou, L., & Figueroa, R. I. (2015). Paralytic 
shellfish toxin content is related to genomic sxtA4 copy number in Alexandrium minutum strains. 
Frontiers in Microbiology, 6, 404.  
 
Tang, K. W. (2003). Grazing and colony size development in Phaeocystis globosa 
(Prymnesiophyceae): the role of a chemical signal. Journal of Plankton Research, 25(7), 831-
842. 
 
Taroncher-Oldenburg, G., Kulis, D. M., & Anderson, D. M. (1999). Coupling of saxitoxin 
biosynthesis to the G1 phase of the cell cycle in the dinoflagellate Alexandrin fundyense: 
temperature and nutrient effects. Natural Toxins, 7(5), 207-219. 
 
Teegarden, G. J. (1999). Copepod grazing selection and particle discrimination on the basis of 
PSP toxin content. Marine Ecology Progress Series, 181,163-176. 
 
 
	 	
	
	
123 
Teegarden, G. J., & Cembella, A. D. (1996). Grazing of toxic dinoflagellates, Alexandrium spp., 
by adult copepods of coastal Maine: implications for the fate of paralytic shellfish toxins in 
marine food webs. Journal of Experimental Marine Biology and Ecology, 196(1-2), 145-176. 
 
Toth, G. B., Norén, F., Selander, E., & Pavia, H. (2004). Marine dinoflagellates show induced 
life-history shifts to escape parasite infection in response to water-borne signals. Proceedings of 
the Royal Society B: Biological Sciences, 271(1540), 733. 
 
Townsend, C. R., & Calow, P. (1981). Physiological ecology: an evolutionary approach to 
resource use. Oxford, Blackwell Scientific Publications. 
 
Tsujino, M., Kamiyama, T., Uchida, T., Yamaguchi, M., & Itakura, S. (2002). Abundance and 
germination capability of resting cysts of Alexandrium spp.(Dinophyceae) from faecal pellets of 
macrobenthic organisms. Journal of Experimental Marine Biology and Ecology, 271(1), 1-7. 
 
Valiadi, M., Debora Iglesias‐Rodriguez, M., & Amorim, A. (2012). Distribution and genetic 
diversity of the luciferase gene within marine dinoflagellates. Journal of Phycology, 48(3), 826-
836. 
 
Van Dolah, F. M., Lidie, K. B., Morey, J. S., Brunelle, S. A., Ryan, J. C., Monroe, E. A., & 
Haynes, B. L. (2007). Microarray analysis of diurnal‐and circadian‐regulated genes in the Florida 
red‐tide dinoflagellate Karenia brevis (Dinophyceae) 1. Journal of Phycology, 43(4), 741-752. 
 
Van Donk, E. (1997). Defenses in phytoplankton against grazing induced by nutrient limitation, 
UV-B stress and infochemicals. Aquatic Ecology, 31(1), 53-58. 
 
Van Donk, E., Lürling, M., & Lampert, W. (1999). Consumer-induced changes in 
phytoplankton: inducibility, costs, benefits, and the impact on grazers. In R. Tollrian, & C. D. 
Harvell (Eds.), The Ecology and Evolution of Inducible Defenses (pp. 89-104). Princeton 
University Press. 
 
Van Donk, E., Ianora, A., & Vos, M. (2011). Induced defenses in marine and freshwater 
phytoplankton: a review. Hydrobiologia, 668(1), 3-19.  
 
Veldhuis, M. J. W., & Brussaard, C. P. D. (2006). Harmful algae and cell death. In E. Granéli, & 
J. T. Turner (Eds.), Ecology of Harmful Algae (pp. 153-162). Berlin, Heidelberg, Springer.  
 
Verity, P. G., & Smetacek, V. (1996). Organism life cycles, predation, and the structure of 
marine pelagic ecosystems. Marine Ecology Progress Series, 130, 277-293. 
 
Verschoor, A. M., Bekmezci, O. K., Donk, E. V., & Vijverberg, J. (2009). The ghost of 
herbivory past: slow defence relaxation in the chlorophyte Scenedesmus obliquus. Journal of 
Limnology, 68(2), 327–333. 
 
Wang, D. Z., Zhang, S. F., Zhang, Y., & Lin, L. (2016). Paralytic shellfish toxin biosynthesis in 
cyanobacteria and dinoflagellates: A molecular overview. Journal of Proteomics, 135, 132-140. 
 
	 	
	
	
124 
 
White, H. H. (1979). Effects of dinoflagellate bioluminescence on the ingestion rates of 
herbivorous zooplankton. Journal of Experimental Marine Biology and Ecology, 36(3), 217-224. 
 
Wiese, M., Murray, S. A., Alvin, A., & Neilan, B. A. (2014). Gene expression and molecular 
evolution of sxtA4 in a saxitoxin producing dinoflagellate Alexandrium catenella. Toxicon, 92, 
102-112. 
 
Windram, O., & others (2012). Arabidopsis defense against Botrytis cinerea: chronology and 
regulation deciphered by high-resolution temporal transcriptomic analysis. The Plant Cell, 24(9), 
3530-3557. 
 
Wohlrab, S., Iversen, M. H., & John, U. (2010). A molecular and co-evolutionary context for 
grazer induced toxin production in Alexandrium tamarense. PLoS ONE, 5(11), e15039. 
https://doi.org/10.1371/journal.pone.0015039 
 
Yang, Z., Kong, F., Shi, X., & Cao, H. (2006). Morphological response of Microcystis 
aeruginosa to grazing by different sorts of zooplankton. Hydrobiologia, 563(1), 225-230.  
 
Yoshida, T., Hairston, N. G., & Ellner, S. P. (2004). Evolutionary trade–off between defence 
against grazing and competitive ability in a simple unicellular alga, Chlorella 
vulgaris. Proceedings of the Royal Society of London B: Biological Sciences, 271(1551), 1947-
1953. 
 
Zanchett, G., & Oliveira-Filho, E. C. (2013). Cyanobacteria and cyanotoxins: from impacts on 
aquatic ecosystems and human health to anticarcinogenic effects. Toxins, 5(10), 1896-1917. 
 
Zangerl, A. R., & Bazzaz, F. A. (1992). Theory and pattern in plant defense allocation. In R. S. 
Fritz, & E. L. Simms (Eds.), Plant resistance to herbivores and pathogens: ecology, evolution 
and genetics (pp. 363–391). Chicago and London, The University of Chicago Press. 
 
Zangerl, A. R., & Rutledge, C. E. (1996). The probability of attack and patterns of constitutive 
and induced defense: a test of optimal defense theory. The American Naturalist, 147(4), 599-608. 
 
Zhang, H., Hou, Y., Miranda, L., Campbell, D. A., Sturm, N. R., Gaasterland, T., & Lin, S. 
(2007). Spliced leader RNA trans-splicing in dinoflagellates. Proceedings of the National 
Academy of Sciences, 104(11), 4618-4623. 
 
Zheng, Y., Dam, H. G., & Avery, D. E. (2011). Differential responses of populations of the 
copepod Acartia hudsonica to toxic and nutritionally insufficient food algae. Harmful Algae, 
10(6), 723-731. 
 
Zhuang, Y., Zhang, H., & Lin, S. (2013). Cyclin B gene and its cell cycle-dependent differential 
expression in the toxic dinoflagellate Alexandrium fundyense Atama group I/Clade I. Harmful 
Algae, 26(0), 71-9. 
 
